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ABSTRACT
When gas is inspired into the lungs it mixes with the
gas left in the lungs at the end of the previous
expiration. In health, this mixing is relatively 
efficient but in disease this gas mixing is impaired. 
Impairment of mixing is brought about by two processes, a 
maldistribution of inspired gas into a parallel system, or 
an inhibition of diffusion.
The aim of this thesis was to illuminate the
contributions made by these two processes to this
impairment. This was done by investigating single and 
multi-breath alveolar mixing efficiency (AME) in never 
smokers and patients with chronic airway disease and by 
the use of mathematical models.
Both indices of alveolar mixing efficiencies were 
found to be reproducible in never smokers and patients, 
AME(mb) and AME(sb) were both significantly lower in 
patients than in never smokers.
A two-compartment parallel model was devised to 
evaluate the contribution of regional inhomogeneity. This 
showed that the only way both values of AME(sb) and 
AME(mb) could be reproduced was to include a component of 
diffusion limitation.
Another model was devised to evaluate the 
contribution of diffusion limitation to mixing impairment. 
This model proved to be inadequate to permit any 
conclusions.
The work presented in this thesis suggests that gas 
mixing impairment results from a maldistribution of 
inspired gas and gaseous diffusion limitation with the 
latter playing the most significant role in the generation 
of the alveolar slope, more especially in diseased lungs.
viii
GLOSSARY OF LUNG FUNCTION ABBREVIATIONS
USED IN THIS THESIS
Nitrogen Washout Gas Mixing Variables
AME (mb) Multi-breath alveolar mixing efficiency (%).
AME (sb) First breath alveolar mixing efficiency (%).
FRC Functional residual capacity measured during
the nitrogen washout (litres).
Freq Frequency of breathing (breaths.min-1).
Min Vent Minute ventilation (litres .min” -^) .
VdA Total Alveolar dead space from multi-breath
measurements (milli-litres).
VdA (ser) Series alveolar dead space from single
breath measurements (milli-litres).
VdA (pll) Parallel alveolar dead space (milli-litres).
VdS Series dead space volume (milli-litres).
VdV Ventilatory dead space (milli-litres).
Ve Expiratory volume (milli-litres).
Vi Inspiratory volume (milli-litres).
ViA Total inspired alveolar volume (milli­
litres ) .
VI The nitrogen washout volume measured during
normal tidal breathing at functional 
residual capacity (litres).
VmA Effective alveolar mixing volume (milli­
litres ) .
Vt Tidal volume (milli-litres).
Airway Limitation Variables
FEVi.o Forced expiratory volume in one second
(litres).
FVC Forced vital capacity (litres).
Raw Airway resistance (cm H2O . litre*-1. s ) ,
V50 The maximum expiratory flow after 50% of
the forced vital capacity has been expelled 
(litre.s).
V25 The maximum expiratory flow after 75% of the
forced vital capacity has been expelled 
(litre.s).
CHAPTER
INTRODUCTION
Diseases of the respiratory system are the third most 
common underlying cause of death in this country. When a 
disease process occurs it disrupts the normal functioning
.1
of the lungs. This thesis is designed to investigate the 
gas mixing and ventilation processes within the lungs of 
healthy and diseased individuals.
The major proportion of gas mixing occurs in airways 
that are too small for direct measurements of gas 
concentration to be taken and other approaches have to be 
used. There is still debate about the inhomogeneities in 
gas mixing being due to series or parallel factors and this 
thesis will determine the relative contribution of the 
processes of diffusion and convection towards gas mixing.
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CHAPTER
STRUCTURE AND VENTILATION OF THE LUNG
IN HEALTH AND DISEASE
2.1 Introduction
Inspiration can be defined as "those processes that 
contribute to gas exchange - the uptake of O2 and the 
elimination of CO2 - between an organism and its 
environment" . The structure of the human lung is well 
designed for the efficient transfer of gases between the 
alveoli and blood in the pulmonary capillaries.
Gas exchange can be sub-divided into four principal 
but interdependent, functional components concerned with;
1 ) the volume and distribution of ventilation within the 
lungs
2 ) gas mixing within the alveoli
3) the transfer of O2 and CO2 across the air-blood 
barrier
4) the volume and distribution of blood flow through the 
pulmonary circulation.
Ventilation and gas mixing are the main concerns of 
this thesis. Ventilation consists of the bulk movement of 
air from outside the body through the upper air passages 
and the subdivisions of the conducting airways, into the 
terminal ventilatory units. As a result of the anatomy of 
the lungs, convective or bulk flow of inhaled fresh gas 
cannot continue as far as the alveolar walls. Gas mixing 
takes place by the process of molecular diffusion in the 
respiratory airways.
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The trachea is a f ibromuscular tube made up of a 
series of horseshoe-shaped hoops of cartilage and fibrous 
connective tissue which permit great flexibility. The 
trachea divides into two main bronchi which enter the 
right and left lung respectively. The ridge formed at the 
junction between the two bronchi is called the carina.
The right bronchus is greater in diameter than the 
left and their combined cross-sectional area exceeds that 
of the trachea. The left lung is divided into two lobes 
while the right lung has three. The right and left bronchi 
in turn divide into lobular bronchi, then broncho­
pulmonary segments. The division of the bronchi continues 
until they become bronchioles which usually have a 
diameter of 1 mm or less and are devoid of cartilaginous 
supports. The most distal bronchiole in any pathway is the 
terminal bronchiole which supplies the acinus or terminal 
ventilatory unit. There are about twenty-six thousand 
terminal bronchioles in the lung. The conducting airways 
include the trachea, right and left main bronchi, and 
further subdivisions of bronchi and the bronchioles.
Human bronchial branches usually arise through 
bifurcations. Although the resulting branches are smaller 
than the parent stem, their total cross-section is always 
greater, so the aggregate cross section of all branches 
increases rapidly from trachea to bronchioles. Branches 
arising at a bifurcation are usually unequal in size, 
hence the number of bronchi leading to a terminal bronchus 
is not constant.
2.2. Structure of the Tracheobronchial Tree
Terminal ventilatory units contain a
characteristically variable branching pattern. There are 
usually two to five orders of respiratory bronchioles, and 
successive orders of respiratory bronchioles contain 
increasing numbers of alveoli. The last respiratory 
bronchiole leads into the first of five or more alveolar 
ducts. Alveolar ducts are relatively short and they branch 
in rapid sequence; each duct has on average about 22 
alveoli. The alveoli collectively provide a surface area 
for gas exchange between the atmosphere and the blood, 
with pulmonary capillaries covering about 90% of the total 
alveolar surface area. The alveoli are lined with a 
lipoprotein mixture called surfactant which assists in 
structural stability by diminishing surface tension. A 
diagramatic representation of a terminal ventilatory unit 
is given in Fig 2.1.
2.3 Chronic Bronchitis and Emphysema
Chronic Bronchitis is the condition of subjects with 
chronic or recurrent excessive mucous secretion in the 
bronchial tree and therefore implies a productive cough. 
The pathology of the condition lies primarily in the 
mucous glands which produce the sputum. These glands lie 
in the wall of the bronchi, diminishing in number as the 
bronchi get smaller and being absent from bronchioli of 
less than 0.5 mm in diameter. In bronchitis the glands 
increase in size. The reason for the increase in size is 
not clear, but pollution of the atmosphere either from 
industrial pollution or from tobacco smoking probably 
plays a part in producing chronic irritation.
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Fig 2,1
Diagramatic representation of a terminal ventilatory unit.
b
Emphysema is a closely allied condition of chronic 
bronchitis and the two commonly occur together. Emphysema 
may be a complication of chronic bronchitis, but equally 
bronchitis may be a complication of emphysema. Emphysema 
is defined as a permanent dilatation beyond the normal of 
those structures distal to the respiratory bronchiole, 
associated with degenerative changes in the lung 
parenchyma.
Patients with chronic bronchitis or emphysema are 
often severely disabled and suffer breathlessness on 
exertion. This has social and economic consequences for 
the patients and society. In 1981 an estimated 23,831 were 
admitted to hospital with chronic bronchitis and emphysema 
at an estimated annual cost to the National Health Service 
in England and Wales of 25 million pounds (The Big Kill, 
1986). The commonest underlying causes of death in this 
country are firstly diseases of the circulatory system, 
followed by neoplasms and then diseases of the respiratory 
system. The mortality figures for chronic bronchitis and 
emphysema in England and Wales are shown in Table 2.1 
(Office of Population Censuses and Surveys, 1986).
Patients with chronic bronchitis or emphysema are 
often severely disabled as a result of a disturbance in the 
ventilatory process which leads to poor gas exchange and 
hypoxaemia. The hypoxaemia contributes to an early death.
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Mortality Figures for some diseases in England and Wales
Table 2.1
Cause of death Males Females Total
All Causes 287,894 293,309 581,203
Diseases of the 136,414 142,335 278,749
circulatory system
Neoplasms 73,717 67,084 140,801
Diseases of the 32,999 30,053 63,052
respiratory system
Chronic Obstructive 20,148 9,755 29,903
Pulmonary Disease 
and allied conditions
Chronic Bronchitis 10,496 4,186 14,682
including mucopurulent 
and obstructive)
Emphysema 1,560 528 2,088
Patients with chronic bronchitis and emphysema have 
impaired lung function and before this can be fully 
investigated the processes of ventilation and gas mixing 
in healthy lungs need to be understood.
2.4 Basic Principles of Fluid Mechanics and Molecular 
Diffusion
In order to understand flow in the complicated 
branching structure of the bronchial tree, first it is 
necessary to understand incompressible fluid flow in 
simple structures e.g. long, straight, smooth walled rigid
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tubes. Two types of fluid motion have been demonstrated 
experimentally in tubes of this nature, laminar and 
turbulent flow. When the flow rate is sufficiently low, 
laminar flow exists, the fluid appearing to move in 
streamlines. As the flow rate is increased beyond a 
critical value, the fluid begins to mix violently as it 
moves along the tube. This marks the onset of turbulence.
When a parent tube, in which fluid is flowing with 
laminar flow, divides into two daughter tubes of equal 
diameter, secondary vortices are formed in the daughter 
tubes.
As a result of the anatomy of the lungs, convective 
or bulk flow of inhaled fresh gas cannot continue as far 
as the alveolar walls. As inspired gas proceeds down the 
bronchial tree, the summed cross-sectional area across the 
airways increases, resulting in a rapid decrease in linear 
velocity. Molecular diffusion then takes over from 
convective flow as the main mechanism for gas transport.
Gas molecules are in constant random motion. They 
travel in straight paths until colliding with other 
molecules or the walls of the container, when they bounce 
off in a new direction. If two gases are introduced into a 
cylinder, each occupying half of the volume and separated 
by a thin membrane, no mixing between the gases can occur. 
The instant the membrane is withdrawn mixing begins, due 
to the kinetic energy of the gases, and continues until 
the the gas concentration in all parts of the cylinder is 
identical. The speed with which the mixing process goes on 
depends upon the size of the gas molecules, as 
characterised in Graham's Law which says that the rate of
diffusion is inversely proportional to the square root of 
the molecular weight. Therefore hydrogen (molecular weight
2 ) will diffuse more rapidly than argon (molecular weight 
40). This characteristic of rapidity of diffusion is 
expressed as the diffusion coefficient, and the larger 
this coefficient, the more rapid the diffusion. The 
diffusion coefficient is at a stated temperature and 
pressure and is in units of cm2.s“l. When two gases mix by 
diffusion, the behaviour of each is modified by the other, 
and so the diffusion coefficient has to be stated in terms 
of two gases.
Pick's first law can be used to describe the rate of
molecular diffusion between gases and is expressed as
dg ~ - AD dc 
dt dx
where q is the quantity of gas, t is the time, A is the
area open to diffusion, c is the concentration of the gas,
D is the diffusion coefficient and x is the axial
distance. The minus sign indicates that the direction of
movement is in the direction of decreasing concentration,
In the absence of a steady state, Fick's second law
applies. It can be written as follows
dc = DA d2c 
dt dx^
9
Taylor (1953) investigated the interaction between 
simutaneous convection and diffusive flow. He showed that 
for fully established laminar flow the resultant 
longitudinal mixing between two gases can be expressed 
with an effective diffusion coefficient, D e f f ,
Deff = D + (ud)2 
19 2D
where D is the diffusion coefficient, u is the average 
velocity and d is the diameter of tube. The first term on 
the right-hand side of the equation, D, represents the 
ordinary diffusion in the axial direction, and the second 
term (ud)/(192D) represents the apparent diffusion 
coefficient due to Taylor dispersion.
2.5 Gas Transport in the Lung Airways
The flow of gas down the conducting airways is 
brought about by muscular effort causing a decrease in 
intra-pleural pressure, the enlargement of the thorax and 
hence the lungs.
The turbulence seen in the trachea during inspiration 
gradually dies out within a few generations of airways 
within the bronchial tree.
Molecular diffusion takes over from conductive flow 
as being the main mechanism for gas transport in the 
transitory airways. The cross over point occurs at or near 
the level of the terminal bronchioles. In the respiratory 
airways molecular diffusion is the mechanism by which 
fresh gas mixes with the gas already present.
If an inspirate of pure oxygen is taken, its 
convective flow progressively decreases until equality is 
achieved between convective velocity downwards and
10
diffusive velocity upwards. This interface between the
oxygen molecules and the resident nitrogen molecules then 
progresses no further during inspiration and a "stationary 
interface" is established. Events distal to the stationary 
interface are dominated by diffusion, so evidence about 
gas mixing in the lung may be obtained from a study of 
expired gas concentration distal to the stationary 
interface,
On the basis of model studies and experimental 
results some predictions can be made on the factors 
expected to influence mixing by the two processes of
diffusion and convection. For diffusive mixing as
explained earlier they are gas diffusivity, time of
respiratory cycle, cross-sectional area of the airways, 
and diffusion distance. Except for diffusivity, all these 
factors should play a part in convective mixing as well.
The major proportion of gas mixing takes place within 
airways that are too small for direct measurements of gas 
concentrations to be taken, and other approaches have to 
be used. These include single breath tests, where the 
expired gas is analysed following a single inspiration of 
a test gas, and multi-breath washout tests, where a 
nitrogen free mixture is inspired over a period of several 
minutes, the nitrogen initially contained within the lungs 
being gradually washed out. These tests provide data 
obtained by analysing the expirate and the situation 
during inspiration therefore has to be inferred. More 
information about gas mixing has been obtained by the
11
formulation of mathmatical models. These three approaches 
of investigating gas mixing in the lung will be discussed 
in the following chapter.
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CHAPTER
REVIEW OF METHODS OF INVESTIGATING GAS MIXING
3.1 Standard Single breath nitrogen test
In a standard single breath test a subject inspires a 
nitrogen free mixture to vital capacity and then expires 
fully with the expired nitrogen concentration being 
analysed at the mouth. The nitrogen concentration at the 
mouth can be plotted against the expired volume as shown 
in Fig. 3.1. The result of the test has been expressed as 
the difference in the nitrogen concentration between 750 
ml and 1250 ml of expired volume. This difference in 
nitrogen concentration is an expression of the slope of 
the alveolar plateau. If gas mixing were complete at end 
inspiration the nitrogen concentration distal to the 
stationary interface would be constant in the absence of a 
convective mixing defect. In disease however a markedly 
increased slope is seen. One of the difficulties of this 
test is that it is necessary for a patient to be able to 
expire 1250 ml and in advanced disease this is frequently 
impossible.
The single breath plot can be divided into three 
phases as shown in Fig 3.1. The first part (Phase I) is 
where no nitrogen is found in the expired gas and 
represents purely dead space gas. The second part (Phase
II) is when the concentration of nitrogen rises steeply 
and contains a mixture of dead space gas and alveolar gas, 
and the third part (Phase III) is only alveolar gas and is 
also called the alveolar plateau.
Fig 3.1
Single Breath Nitrogen Plot.
14
The volume of unmixed gas in the conducting airways 
has been referred to as dead space. This dead space volume 
may be measured by expired gas analysis, and various 
methods have been developed to find a value for it.
In 1928 Aitken and Clarke-Kennedy used a fractional 
sampling technique and plotted the carbon dioxide 
concentration against the expired volume and observed 
three phases as already described. They constructed a 
trapezoid on the expired curve by extending the alveolar 
plateau towards the start of the expirate to a point where 
if a vertical line were dropped, it created two equal 
areas. The dead space volume is given by the distance 
between the ordinate and the vertical line.
A similar technique was used by Fowler (1948) after 
the development of gas meters which allowed continuous 
analysis of expired gas (Fig. 3.2). He studied the expired 
concentration of nitrogen following an inspirate of pure 
nitrogen,
Cumming and Guyatt (1982) investigated four methods 
of determining dead space volume including that used by 
Fowler. One of the methods involved applying a data 
smoothing technique (Lanczos, 1958) to Phase II of the 
expired nitrogen concentration curve and by 
differentiation they were able to define the point of 
inflexion and the volume of series dead space. In addition 
they used the cummulative plot of nitrogen volume against 
expired volume and by fitting either a linear regression 
equation or a 2nd order polynomial equation to the curve, 
used the intercept of the projected curve on the abscissa 
to define the series dead space volume. The term "series"
15
~  40 
c
.2
rek.
c  
o
c  ou  
2
0.2 0.4 0.6
Expired volume (L)
0.8
The dead space is the volume of air defined by the vertical broken line, 
where area A is equal to area B.
Fig 3.2
Fowler Single Breath Plot.
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dead space was used by Folkow and Pappenheimer ( 1955 ). 
They also used the term "parallel" dead space for well 
ventilated but poorly perfused alveoli.
The studies reported in this thesis use the second 
order polynomial regression method of Cumming and Guyatt 
(1982) for determining series dead space. This method has 
advantages over Fowler's method as outlined by Horsfield 
et al (1983) in a mathmatical model simulating the single 
breath nitrogen test. Fowler's construction is affected by 
the shape of Phase II, whereas the Cumming and Guyatt 
construction is not. The plot used in this later method 
also has less experimental scatter and does not involve 
the calculation of areas.
3.2. Single breath tests using inert gases of different 
molecular weights.
Several investigators have combined insoluble inert 
gases of different molecular weights into a single mixture 
and used them in non-steady-state studies involving single 
inspiration-expiration procedures.
GEORG et al (1965) used a mixture of helium, neon and 
sulphur hexafluoride in a single breath procedure of 
normal inspirate/maximal expirate in normal subjects and 
patients with chronic obstructive emphysema. The results 
demonstrated that in the normals the first part of the 
expired air contained comparatively more SFg than He, and 
the last part comparatively more He than SF5 , and in the 
emphysematous patients He diffused to the periphery to a 
greater extent than in the normal subjects. They suggest
17
that the differential rates of diffusion of the gases is 
evidence of diffusion gradients in the airways (series 
inhomogeneity).
CUMMING et al (1967) investigated the effect of 
gaseous diffusion upon the alveolar plateau using an 
aerosol, which behaves as a gas with a very low
diffusivity, a poorly diffusible gas (SF5 ), and a readily 
diffusible gas, (Ne). They found that the expired curves 
of the gases were different and this difference diminished 
with breath-holding. They concluded that whilst regional 
inhomogeneity is present in the lung, the alveolar plateau 
is mainly the result of stratified inhomogeneity.
SIKAND et al (1976) studied a single-breath technique 
for varying breath-hold times with helium, argon and
sulphur hexafluoride as test gases. Two normal subjects 
inspired and expired 1 litre of test gas from FRC. The 
results showed that the ratio of end expired/mean lung 
test gas concentration varied with breath-hold time in the 
direction that would be expected in lungs in which serial 
concentration gradients occured.
Attempts to demonstrate series inequality under 
conditions of steady-state exchange have also been made.
ADARO and FARHI (1971) found a difference in the 
elimination of two infused inert gases of similar
solubility, with the heavier gas having the lesser
elimination. Other similar analyses of steady-state inert 
gas exchange have not revealed molecular weight dependent 
behaviour of gas exchange over a 6-fold range in molecular 
weight (WAGNER et al (1974a and 1974b)).
1 ^
However WAGNER and EVANS (1977) suggested that 
steady-state inert gas exchange cannot in practice be used 
to differentiate series from parallel models, and by the 
same token, if series gas exchange occurs, equivalent 
parallel analysis is possible. They applied the Fick 
principle to series and parallel compartmental lung models 
and used the basic assumptions of continuous ventilation 
and bloodflow, steady-state gas exchange, perfect mixing 
within each compartment and alveolar-endcapillary 
diffusion equilibrium. They found that for trace amounts 
of inert gases present in venous blood but absent from 
inspired air, there was an equivalent parallel model for 
any given series model. When inert gases were then 
inspired, equivalence was lost if more than one 'resident' 
gas was soluble, but the discrepancies were much smaller 
than experimental errors in inert gas measurements.
3.3.1. Multiple breath tests
Both closed circuit and open circuit multiple breath 
tests are available for measuring gas mixing efficiency. 
Closed circuit techniques use rebreathing methods, and 
open circuit techniques wash out resident lung gas.
3.3.2. Closed circuit techniques
BATES and CHRISTIE (1950) derived an index of intra- 
pulmonary gas mixing by rebreathing helium in a closed 
circuit system. The Bates-Christie index is the ratio of 
the number of breaths taken to reach the 90% mixing point 
when inspired and expired gas are in equilibrium, to the 
expected number of breaths taken to reach the same point 
if mixing is perfect. There was a wide variation in the 
reported normal values of this index since it is dependent
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on the volume of the apparatus dead space, the mixing of 
gas within the rebreathing circuit, and on the tidal 
volume, lung volume, and dead space of the subject.
NYE (1961) reported the disadvantages of measuring 
indices of ventilation using closed circuit techniques as 
opposed to open circuit ones. Since the efficiency of 
ventilation measured by closed circuit techniques is an 
unreliable index, it will not be discussed further in this 
present thesis.
3.3.3. Open circuit techniques
The principle of nitrogen washout was introduced by 
ENGELHARDT (1939). He assumed a constant dead space and 
finding less nitrogen expired than he predicted from the 
volumes concerned, he postulated an unventilated lung 
portion.
DARLING et al conducted a series of nitrogen washouts 
on normal subjects and patients with emphysema (1940a, 
1940b, 1944) and COURNAND et al (1941) extended this to
patients with chronic cardiac disease, pulmonary 
tuberculosis, pulmonary fibrosis and other miscellaneous 
chest diseases. The completeness of the washing-out of 
nitrogen from the lungs by a stated period of pure oxygen 
breathing was termed the "pulmonary emptying rate" and was 
considered to be a measure of the efficiency of 
ventilation of the lung. Alveolar gas concentrations were 
measured by taking discrete samples.
BATEMAN (1946) expressed the consequences of 
imperfect mixing in terms of the volumes of the FRC and of 
the dead space.
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ROBERTSON et al (1950) were the first to use a mass 
spectrometer to measure end-tidal concentrations in 
nitrogen washouts. Their interpretation of nitrogen
washout curves was based on the theory that the curve 
corresponds to the sum of two or more exponential 
functions representing two or more lung compartments 
independently ventilating at different rates.
BECKLAKE (1952) modified the closed-circuit system 
described by her colleagues BRISCOE et al (1951) to an 
open circuit method and derived a "lung clearance index". 
This was obtained by dividing the volume of gas needed to 
clear the lung of 90% of its nitrogen by 90% of the
measured FRC. This index is limited however by its
dependence on tidal volume, lung volume and dead space 
(LICHTNECKERT and LUNDGREN 1963). These two workers went 
on to describe an "index of alveolar ventilation" which 
required the washout of nitrogen to 2%. This calculation 
excluded respiratory dead space as did the ventilation 
indices of FOWLER et al (1952) and GILSON and HUGH-JONES 
(1955)
CUMMING and JONES (1966) and CUMMING (1967) proposed 
the use of a nitrogen decay curve for measuring efficiency 
of ventilation. This has been described in detail by 
PROWSE (1971). This thesis will examine first-breath and 
multi-breath alveolar mixing efficiency in detail as 
described by CUMMING and GUYATT (1982) and detailed
consideration will be given to the method in Chapter 4.
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KROGH and LINDHARD (1917) thought that the gradual 
rise in the concentration of nitrogen in the alveolar 
plateau of the single breath was due to gas mixing in the 
lung not being absolutely uniform. They proposed that gas 
diffusion along each pulmonary pathway was incomplete in 
the time of the respiratory cycle, resulting in the most 
distal alveoli receiving less inspired gas than those 
situated proximaly. This is known as stratified or series 
inhomogeneity.
RAUWERDA (1946) expressed an alternative explanation. 
He published results of some simple mathematical models he 
had formulated to investigate the rate of molecular 
diffusion in the human lung. He found that in a closed 
cylinder, 0.3mm in diameter and 7mm long, gas mixing by 
diffusion was 84% complete in 0.38s. He therefore thought 
that diffusion in the lungs was sufficiently rapid to 
eliminate a concentration gradient along pulmonary 
pathways. The explanation he offered for the presence of 
an alveolar slope was that of regional inhomogeneity. This 
is where the inspired gas is distributed unevenly to 
parallel units of the lung, resulting in the units having 
different concentrations at end-inspiration. On 
expiration, the various parallel units would empty 
sequentially, thus producing an alveolar slope.
OTIS et al (1956) suggested that the lung could be 
considered to be made up of a number of parallel units 
each with different mechanical properties, resistance (R) 
and compliance (C). Units with a small time constant (RC) 
would expand earlier and more than those with a large time
3.4. Mathematical Models
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constant. During expiration, areas with small time 
constants would empty first, whilst areas with a large 
time constant would empty last. This sequential emptying 
of areas of the lung having different nitrogen 
concentrations would produce the alveolar plateau. Otis 
and his co-workers suggested that the regional 
inhomogeneities postulated by Rauwerda could therefore be 
explained on the basis that the mechanical properties of 
the lung were not constant.
CUMMING et al (1966) rekindled the interest in 
stratified inhomogeneity. They criticised the models of 
Rauwerda for being closed at both ends and showed that 
models could be chosen that would exhibit concentration 
differences for up to 5 s and concluded that mixing was 
not complete during a single respiratory cycle.
La FORCE and LEWIS (1970) supported the findings of 
Rauwerda, when using models they found that diffusion of 
gas within the alveolar region was rapid enough to 
eliminate any significant concentration difference in 1 s. 
They used a more complex representation of a rigid acinus 
which was based on Weibel's model A (Weibel, 1963). 
Weibel's model assumed that the airways branch by regular 
dichotomy and that structures within a given generation 
had identical dimensions and that all the generations were 
complete. A single pathway therefore represents all 
pathways. La Force and Lewis used two models, the first 
analysed the airways only and the second included the 
volume of the alveoli. They concluded that regional 
inhomogeneities were probably the cause of the alveolar 
slope.
CUMMING, HORSFIELD and PRESTON (1971) produced 
another model with dimensions based mainly on Weibel's 
Model 'A' . A moving interface was used and it was the 
first attempt to model both convection and diffusion in a 
mathematical model. When the interface was assumed to be 
stationary, the results were in agreement with La Force 
and Lewis. In the case of a moving interface however they 
found an alveolar slope of about 1 .1% between the
conventional single breath test limits of 750 and 1250 ml
of gas expired. They could therefore find no justification 
to rule out stratified inhomogeneity.
SCHERER, SHENDALMAN and GREENE (1972) developed a 
model which summed the cross-sectional areas and volumes 
of all the airways in a given generation rather than using 
one representative pathway. The geometry of the model 
therefore resembled a trumpet or a thumbtack. They 
compared their mathematical models of single breath 
washout with experimental observations. Their model gave 
no slope in the alveolar plateau in the single breath test 
plot.
PAIVA ( 197 3) developed a similar model also talcing 
into account convection and diffusion occuring 
simultaneously. The single breath test plots obtained from
this model gave no appreciable slope. In a further rigid
trumpet-shaped model, PAIVA, LACQUET and VAN DER LINDEN 
(1976) obtained results in close agreement with Paiva's 
earlier models. This indicated that turbulent flow, 
secondary motions, eddies and Taylor dispersion have 
negligable effect on gas mixing.
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trumpet-shaped models and based their model on an
asymmetrical anatomical airway model suggested by PARKER, 
HORSFIELD and GUMMING (1971). They showed large 
concentration differences between the terminal alveoli on 
long and short pathways following a simulated inspiration 
of a bolus tracer gas, and produced an alveolar slope of 
1.5% between 750 and 1250 ml when the bolus was injected 
very late during inspiration. They postulated that this 
slope was produced by geometric asymmetries.
PAIVA and ENGEL (1979) used a model consisting of two 
axisymmetric trumpets of differing size connected to a 
bifurcating airway. They found that if regions of the lung 
were unequally ventilated, and if this unequal ventilation 
started at branch points in the conducting airways, large 
inhomogeneity in gas concentration between regions could 
result. When the branch points at which unequal 
ventilation started were moved to the more peripheral 
airways, gas mixing was more complete. This occured as 
convective flow is dominant in the conducting airways and 
diffusive flow is more dominant in the peripheral airways.
BOWES et al (1982) in their asymmetrical model 
analysed simultaneous convection and diffusion and 
compared results with those obtained from a symmetrical 
model. Following an inspiration of O2 into resident gas of 
79% N2 , expiration in the asymmetrical model produced an 
alveolar slope of 1.7% and an AME (fb) of 97.0%. In the
symmetrical model there was zero slope and an AM E (fb) of
99.9%. They concluded that although the asymmetry could
MON and ULTMAN (1976) realised the limitations of the
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account for the slope of the alveolar plateau, it was 
insufficient to account for the incomplete gas mixing seen 
in normal subjects.
PAIVA and ENGEL (1984) used another model represented 
by a nodal network. Acinar asymmetry was modelled by 
terminating the shortest pathways after only three 
generations of alveolar ducts, and by terminating the 
longest after eight generations of alveolar ducts. They 
considered molecular diffusion to be the only form of 
diffusive mixing in the lungs. The main findings from this 
analysis were that while the model predicted an alveolar 
slope of only 0.53% over a litre of expirate, and a single 
breath mixing efficiency of 99%, it did predict 
substantial inhomogeneity of gas concentrations at end- 
inspiration.
The debate continues about how gas mixing impairment 
is brought about. In general most workers agree that it 
is unlikely to be due solely to regional inhomogeneity or 
to series inhomogeneity. This thesis will present 
experimental data from nitrogen washout tests on groups of 
never smokers and patients with chronic airway disease, 
then models will be used and compared with the results 
obtained experimentally. This should illuminate the 
possible contributions made by both regional and series 
inhomogeneity to gas mixing impairment.
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CHAPTER
METHODOLOGY OF THE NITROGEN WASHOUT AND AIRFLOW
LIMITATION TESTS 
4.1. Introduction
The following chapters will be looking at variables 
obtained from the nitrogen washout test and from tests of 
airflow limitation, which will be used to improve the 
understanding of gas mixing in the lungs. This chapter 
will therefore look at the way in which these tests are 
carried out.
4.2. The Measurement of Gas Concentrations
The studies to be described require that continuous 
simultaneous analysis of three gases (nitrogen, carbon 
dioxide and oxygen and argon) be carried out rapidly with 
a linear response for concentrations varying between 0 and 
100%. The respiratory mass spectrometer fulfils these 
requirements.
4.2.1. Mass Spectrometer
The Mass Spectrometer used was a Centronic Medical 
Gas Analyser 007.
Specification of MGA 007:
Mass Range: 2-200 amu.
Resolution: Up to unit resolution.
Sensitivity: 0.01 mol. % (Argon).
Signal to noise: Atmospheric Argon 30:1.
Linearity: + 1%
Stability: + 1% in A.S.C, mode for better
than 24 hours.
Response time; Less than 100 ms.
Inlet: Stainless steel capillary.
Scanning capabilities: Sequential scan allows the
selection of any 8 gases. Total
time for 8 channels sequentially 
scanned is 20 ms.
Signal output: 0-10V for 100% concentration.
Individual outputs for use with 
oscilloscope or recorder.
The basic structure and operation of the instrument 
consists of three stages; the inlet system, the analyser 
and the output system.
4.2.2. Inlet system
Since the analyser requires a high vacuum environment 
to function and the sample to be analysed is at 
atmospheric pressure, the function of the inlet is to 
bridge the pressure difference and yet conserve the
composition of the sample.
A rotary vacuum pump draws the sampled gas along the 
inlet capillary, into the instrument and up to a molecular 
leak of sintered ceramic, at which the gas pressure is 
about 5 torr. There is viscous flow down the capillary 
length. The pressure difference across the molecular leak 
permits a small proprtion of the sample flow to pass into 
the analyser vacuum system and the remainder of the gas is
pumped away to waste by the inlet rotary pump. A Pirani
gauge mounted close to the pump is used to monitor the 
pressure in this part of the inlet system. A low pressure 
reading usually indicates a blocked capillary. The pump 
speed and dimensions of tubing throughout the inlet system 
are chosen to minimise response and delay times to about 
10 0ms.
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The vacuum in the analyser section is maintained 
below 10-5 torr by a diffusion pump and a second rotary 
pump so that gas flow within it is molecular. As the 
sample gas molecules enter the analyser they are ionised 
by a transverse beam of electrons emitted by a heated 
rhenium filament, and these ions are electrically focussed 
into a circular beam. Due to excess electron energy, some 
molecules are doubly or multiply charged or are 
fragmented. Electron impact ionisation therefore creates a 
characteristic fragmentation spectrum for each molecule 
species, typically comprising a major parent peak, at the 
m/e ratio of the singly-charged parent molecule and 
several other peaks at smaller m/e ratios, resulting from 
fragmentation (smaller mass) or multiple ionisation 
(larger charge). Within each species the number of ions 
formed is directly proportional to the number of neutral 
gas molecules entering the ioniser.
The beam of ionised gas molecules is then directed 
into an electrostatic field produced between four 
symetrically alligned cylindrical rods. This quadrupole 
filter performs the actual separation of ions according to 
their mass to charge ratios, by changing the voltage 
applied to the rods. DC voltages of equal magnitude but 
opposite sign are applied to opposite pairs of rods with a 
superimposed RF voltage. The particular species of ion 
allowed through the filter depends on the amplitude and 
frequency of the RF voltage; all the other ions are 
deflected out of the filter and are not detected.
4.2.3. Analyser
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The control of the quadrupole filter in this 
particular mass spectrometer can be effected in two 
different ways, known as the Spectrum and Peak Select 
modes of operation, each of which depends on altering the 
RF voltage amplitude, keeping its frequency constant. In 
the Spectrum mode the quadrupole filter smoothly alters 
the amplitude of the RF voltage through a set range, with 
a corresponding altering DC voltage. This 'scan' of 
voltage is repeated every 0.02 s in the MGA 007, producing 
a corresponding mass scan or spectrum of the ions entering 
the filter. In the Peak Select mode the operator can chose 
the eight ionic species to be analysed. The quadrupole in 
this mode sequentially holds the RF voltage at each of a 
series of the eight discrete levels, each level 
corresponding to a mass of interest. The DC voltage is 
simultaneously stepped along eight corresponding levels. 
Ions of the eight chosen mass to charge ratios thus 
successively pass through the filter to detection and the 
cycle is continuously repeated.
As the ions of each gas species pass out of the 
quadrupole filter in turn, they are detected by an 
electron multipler. This enables the very small current 
produced to be amplified to a level which can be handled 
by the rest of the circuit. Ions incident on the first 
plate of the multiplier cause electrons to be emitted, 
these are accelerated to the second plate, causing further 
secondary emission, and so on until at the final plate an 
electron current of about 2^6 times the original ionic 
current is produced. The magnitude of the multiplication 
may be seriously reduced by any contamination of the
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surfaces of the beryllium/copper plates, so the multiplier 
is kept under high vacuum whenever possible. The signal 
from the electron multiplier is again proportional to the 
corresponding gas flux of that species entering the 
analyser.
4.2.4. Output
The currents from the multiplier are then amplified, 
electrically smoothed and filtered, further amplified and 
then fed in parallel to eight sample-and-hold circuits. 
The voltages can then be independently amplified up to a 
maximum of 10V under manual control (A.S.C. described 
below) and are output continuously through eight plugs 
from the mass spectrometer. In addition eight meters on 
the instrument display the output voltages of the eight 
gases selected, as an aid to tuning and calibration,
4.2.5. Automatic Sensitivity Control - A.S.C.
The stability of the output signals is dependent on a 
number of factors - from inlet capillary blockages to gain 
changes in the ion current detector. When A.S.C. mode is 
in operation the signals from the channel amplifiers are 
fed into a summing network and error detector. When any 
deviation from the sum is threatened the gain of the ion 
current detector is adjusted electronically to compensate. 
This means that a 100% gas component provides an output 
voltage of approximately 10V and other concentrations are 
pro rata. Apart from stability, another important 
advantage of the ASC mode is the alleviation of the water 
vapour measurement problem. It is excluded from the 
partial pressures contributing to the sum and in this way 
the instrument will provide an output of fractional dry
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gas contribution. The ASC mode operates on the first 4 of 
the 8 channels. Apart from mass tuning during calibration, 
all the studies to be described have utilised the MGA 007 
in the ASC mode.
4.3.1. Measurement of Flow Rates and Volumes
Flow rates for the studies were measured by using a 
bag-in-box system as described by Cumming (1966) but 
fitted with a pneumotachograph instead of a spirometer. 
Volumes were calculated from the integrated flow signal.
4.3.2. The Valve Box
All measurements are made in the laboratory where the 
subject is seated with a noseclip on and attached by a 
mouthpeice to a valve box and bag-in-box system. The valve 
box has two inspiratory ports and one expiratory port (Fig 
4.1). The inspiratory valves are operated 
electromagnetically and the expiratory valve is a gravity 
flap (Lee and Crisp (1974)). The inspiratory gas can be 
switched without the subject being aware of any change. 
This is done by switching the current during an expiration 
from the coil in one inspiratory valve to the coil in the 
other. During the next inspiration the subject inspires 
through the second inspiratory port. The valve box offers 
a minimum dead space of 58 ml. Inspired and expired 
concentrations of gas are measured by the mass 
spectrometer with the probe sited in the valve box close 
to the mouth in mid-axial stream.
4.3.3. The Bag-in-Box
The bag-in-box consists of a cube with a hinged lid, 
the bottom and sides of the box are made of wood and the 
top of perspex. The internal dimensions of the box are
Mass Spectrometer 
Sample Line
(a) Side View
(b) Front View
Fig 4-1
The Valve Box.
90*60*60 cms. It contains 3 plastic bags (2 inspiratory 
and 1 expiratory), and gas can be introduced into the bags 
via Siebe-Gorman 3-way taps which are fitted into the 
perspex lid. A small 2-way tap is fitted at the base of 
each large tap to allow analysis of the bag contents to be 
made via the inlet system of the mass spectrometer.
The subject breathes in from one of the two 
inspiratory bags and out into the expiratory bag in the 
box. Flow is measured by a pneumotachograph and 
micromanometer fitted to the bag-in box system. As the 
subject inspires through the valve box air is drawn in 
through the only other aperture, the pneumotachograph, to 
maintain a constant volume within the box. Expiration 
reverses this process and hence flow can be measured. This 
method of flow measurement overcomes the problems of water 
vapour and changing gas concentrations which would be 
encountered if flow was measured with a pneumotachograph 
at the mouth.
4.3.4. Calibration of the Mass Spectrometer and 
Pneumotachograph
The mass spectrometer and pneumotachograph were 
calibrated before each of the studies. The first 4 
channels of the mass spectrometer were set up as nitrogen 
(mass 28), oxygen (mass 32), carbon dioxide (mass 44) and 
argon (mass 40) respectively. The mass tuning was carried 
out in peak select mode using air which is sufficient for 
N2 and 02/ and a British Oxygen Special Gases mixture for 
CO2 and Ar. Each channel was tuned to achieve a maximum 
peak deflection and then in A.S.C. mode the channel gains 
were adjusted to give the correct output for two dry
calibration gas mixtures. Since the mass spectrometer 
response is linear a two point calibration was used. The 
mixtures were analysed using a gas chromatography 
technique by B.O.C. Typically mixtures would contain a) 
5.0% C02, 15.0% O2 , 20.0% Ar, 60.0% N2 and b) 21.0% 02, 
79.0% Ar.
The sample flow rate of the mass spectrometer may be 
measured easily by a rotameter or by sampling from a glass 
syringe over an accurately timed period. The sampling 
system used gave a rate of 35-40 ml.min-1. If the 
stainless steel capillary became blocked it was easily 
cleaned by disconnecting it from the main inlet system and 
drawing a fine steel wire through it.
A pneumatically driven pump as shown in Fig 4.2 was 
used for calibration purposes giving repetitive square 
wave changes in gas composition at a pre-determined volume 
(Crisp et al (1982)). The frequency of the pump was 15 
cycles .min""1. The cylinder has a maximum stroke volume of 
528 ml and the piston is driven at a constant rate by 
compressed air, with the direction being reversed after 
each stroke. The mass spectrometer capillary is inserted 
in one of two ports in the cylinder wall. The volume of 
the cylinder to each of the two ports is known. There are 
200 ml between the front of the pump and the first port 
and 167 ml between the two ports, leaving 161 ml between 
the second port and the rear of the pump. The pump has a 
linear potentiometer fitted in parallel with the piston 
giving a representation of volume change.
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B-D 328
Fig 4.2
Dimensions of the pneumatically driven calibration pump.
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For calibration purposes the pump is connected to the 
valve box which is in turn connected to the bag-in-box 
system. When the pump is started the piston moves towards 
the front of the cylinder (equivalent to expiration). When 
the cycle is reversed a nitrogen free mixture (79% argon, 
21% oxygen) is drawn into the cylinder of the pump. As 
soon as the piston ring passes the mass spectrometer 
capillary port the mass spectrometer can respond to the 
change in nitrogen concentration from 79% to 0%. This is 
not true during the first three cycles due to valve box 
dilution and so these cycles are discarded. The pump is 
operated for at least a further five cycles.
4.4. Nitrogen Washout Test
After calibration of the system the subject begins 
the nitrogen washout test. The subject is attatched to the 
mouthpiece and breathes air quietly for two minutes from 
the bag-in-box system. To aid relaxation the subject 
listens to music of his own choice through headphones. The 
subject is free to select his own tidal volume and during 
an expirate and unknown to the subject, the nitrogen 
washout is commenced by the inspired gas being changed 
from air to a nitrogen free mixture of 79% argon and 21% 
oxygen. Breathing is continued until the end expiratory 
nitrogen concentration is less than 2%.
The continuous signals of flow and gas concentration 
were recorded in analogue form on a frequency modulated 
tape recorder (Fenlow Instruments) and subsequently played 
into the analogue digital converter of a digital computer
with a sampling rate of 50 Hz. Four channels of 
information were recorded routinely; flow, nitrogen, 
carbon dioxide and oxygen.
4.5.1. Computer Analysis of the Nitrogen Washout Test
The computer used for the nitrogen washout analysis 
was a Digital Equipment Corporation LSI 11/23. The 
software development has taken place over the past few 
years and is not part of this thesis. The programs were 
written in a DEC variant of FORTRAN. The accuracy of the 
programs was checked by testing sub-sections as they were 
written and by analysing some sets of data by hand. The 
descriptions below are of the basic data handling 
operations and of the derivations of the single and multi­
breath variables which will be used later in the thesis. 
The analysis was divided into two parts; the calibration 
signals of flow and gas concentrations were analysed 
initially, and these were subsequently used for the 
washout calculations.
As the sequential scan of the mass spectrometer takes 
20 ms, the sampling frequency of the computer programme is 
also limited to 50 samples a second.
4.5.2. Calibration
The calibration is recalled in an analogue form on a 
graphics Visual Display Unit (VDU). Channel 1 is recalled 
as flow, 2 is nitrogen, 3 is carbon dioxide (or the 
potentiometer during flow calibration) and 4 is oxygen. 
With the use of a pointer select facility parts of the 
calibration can be marked for analysis by the computer. 
This cinalysis uses the average of 20 consecutive samples 
(400 ms). 5 pointers are used as shown in Fig 4.3.
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Pointer 1 - indicates the flow baseline when there is no 
flow through the bag-in-box system.
Pointer 2 - marks the beginning of pump stroke analysis 
for i) flow calibration, ii) response and lag 
time and iii) delay time.
i) As the sweep volume of the pump is known, the 
average of 5 sweep cycles can be assigned to the 
integrated flow signal and the potentiometer signal.
ii) As the piston passes the mass spectrometer port 
the computer marks the integrated flow signal and the 
potentiometer signal, and in the inspiratory 
direction the nitrogen concentration falls to 0% and 
the mass spectrometer responds to the change. The lag 
time is the time taken for the mass spectrometer to 
sample this changed gas and to achieve a 100% 
response to the change in nitrogen concentration.
The 90% response time is taken as the time for the 
nitrogen signal to change from 5% to 95% of its 
full response (Fig 4.4.). The lag time of the MGA 
007 was 200 ms and the 90% response time was 100 ms.
iii) The mass spectrometer and the flow measuring 
device have different lag and response times and the 
concentration signal lags behind the flow signal. The 
delay time is the time by which the flow signal has 
to be delayed to synchronize the two signals. It is 
measured indirectly by equating the simulated dead 
space of the pump with its known volume. This is 
achieved by plotting cumulative expired volume 
against cumulative expired nitrogen volume as 
described in Chapter 3. The intercept on the abscissa
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is at a volume which is equivalent to the simulated 
series dead space. The delay time can then be 
calculated to give the correct known series dead
space. This calculation is repeated for each of the 5 
pump cycles and the average delay time is used in 
subsequent computations.
Pointer 3 - Values of N2 , CO2 and O2 concentrations in
air.
Pointer 4 - First calibration gas with 0% N2 .
Pointer 5 - Second calibration gas with e.g. 60% N2/ 
5.0% C02, 15.0% O2 and 20% Ar.
The signal deflection between the two calibration 
gases is measured for each gas species, equated to' the 
change in gas concentration and used in the subsequent 
concentration analysis during the nitrogen washout test.
4.5.3. Nitrogen Washout Test Calculations
After the flow and concentration signals from the
nitrogen washout test have been synchronized, the product 
of these two signals gives a volume of gas expired for 
each sampling interval of 20ms (Fig 4.5). These volumes 
are summed over the breath and plotted on the abscissa. 
This data produces a curve for each individual breath 
which can be described by a quadratic equation as
described by Cumming and Guyatt (1982). The parameters of 
this equation are found by taking the data from the top of 
the curve downwards, adding data points sequentially until 
the parameters converge, the addition of further points 
producing no change. This curve is projected by polynomial 
regression to intercept the abscissa at a volume which is 
designated the series dead space.
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(a)
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(c)
Fig 4.5
(a) Gas concentration.
(b) Flow signal.
(c) Resultant volume of gas in the expired volume yielding the 
series dead space volume.
The following variables can therefore be obtained 
breath by breath from the signals of flow and 
concentration, and mean values for all breaths taken 
during the nitrogen washout can be calculated:
Ve = Expired Volume
Vi = Inspired Volume
FeN2 = Fractional end expiratory nitrogen concentration
Te = Expiratory Time
Ti = Inspiratory Time
v n 2 = Volume of Nitrogen
VdSN2 = Series dead space (nitrogen)
In addition to the calculation of these variables the 
signals of flow and concentration were used by another 
program to look in more detail at the alveolar slopes of 
the individual gases of nitrogen, oxygen and carbon 
dioxide. This will be described further in Chapter 9.
4.5.4. Nitrogen Corrections
The nitrogen concentration signal from the mass 
spectrometer can not be used immediately for calculations 
during the Nitrogen Washout test as it contains sources of 
nitrogen apart from that contained in lung air.
i) Correction for Carbon Dioxide
The mass spectrometer is set up to use mass number 28 
to measure the nitrogen concentration. Molecules of 
carbon dioxide which are contained in the expirate 
are bombarded with electrons from the filament in the 
mass spectrometer and some are fragmented to carbon 
monoxide which also has a mass/charge ratio of 28. 
The conversion ratio is fixed for given source 
conditions, and in the experiments described,
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signal. Therefore the subtraction of 9% of the carbon 
dioxide signal from the nitrogen signal corrects for 
this .
ii) Correction for tissue Nitrogen
Breathing a mixture which contains no nitrogen will
wash out nitrogen not only from the lung air but also
from the blood and body tissues. The rate of removal 
of nitrogen from a given tissue will depend on the 
amount of nitrogen present, the blood flow through 
the tissues and the gas exchange coefficient. The
correction made in the program was a theoretical one 
and tissue nitrogen per breath was calculated as a 
function of time and body weight alone, assuming that 
a 70Kg subject would release 210 mis of nitrogen in 5 
minutes.
iii) Correction for valve box Nitrogen
The dead space of the valve box is 58 ml and when the 
subject takes his first inspiration of nitrogen free 
mixture from the inspiratory bag he first inspires 
the nitrogen contained in the valve box. This is also 
true of each subsequent breath, although the nitrogen 
concentration in the valve box is diminishing as the 
washout proceeds. The volume of nitrogen inspired 
from the valve box is calculated for the first breath 
and subtracted from the value of the recovered 
nitrogen used for the calculation of first breath 
alveolar m i x i n g  efficiency.
amounted to 9% of the indicated carbon dioxide
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4.5.5. Calculation of Lung Volume
After the nitrogen corrections have been applied the lung 
volume (VI) measured at Functional Residual Capacity (FRC) 
can be calculated. The lung volume consists of two parts; 
the volume of accessible gas measured breath by breath and 
the volume of gas remaining in the lungs following the 
last breath of the nitrogen washout. The end tidal N2 
concentration of that last breath is indicative of the 
volume of nitrogen still in the lungs. As 80% of the 
original lung volume is nitrogen;
Volume of accessible gas = sum VN2 * 100/80 
Volume remaining in lungs = FeN2 * 100/80 * VI 
The addition of these two volumes gives a good estimate of 
the lung volume measured at FRC.
4.5.6. Calculation of Turnover
To correct for differences in tidal volumes between 
and within subjects a Turnover number is calculated. One 
Turnover (TO) is the point at which the summed expired 
volumes of all proceeding breaths are equal to the lung 
volume. The calculation of Turnover number for each breath 
during the washout is therefore:
TO = summed Ve/Vl
4.5.7. The Nitrogen Decay Curve
The volume of nitrogen leaving the lung in the first 
breath is divided by VI to give the normalised nitrogen 
volume. This is the volume of nitrogen per litre of lung 
which is lost in the first breath.
Normalised nitrogen = VN2 * 1000/VI 
where VN2 and VI are measured in ml.
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Before the washout begins 80% of the lung volume is 
nitrogen, therefore one litre of lung volume contains 800 
ml of nitrogen. After the first expirate of the washout 
(800 - normalised nitrogen expired) ml of nitrogen will 
remain in the lung. A similar procedure is adopted for 
each breath of the washout with the normalised nitrogen 
volumes being subtracted serially giving the volume of 
nitrogen remaining in each litre of lung volume at the end 
of each breath. This is called the "Remaining Nitrogen". 
This procedure corrects for differences in lung volumes 
between subjects. The Nitrogen Decay curve can then be 
constructed by plotting the logarithm of Remaining 
Nitrogen on the ordinate against Turnover number on the 
abscissa as shown in Fig 4.6. This process of plotting 
nitrogen remaining in one litre of lung against Turnover 
number normalises for all variables.
4.5.8. The Ideal Decay Curve
In the ideal lung, gas mixing is perfect and there is 
no dead space. It is possible to predict the pattern of 
nitrogen decay for this ideal lung. The volume of 
nitrogen remaining in the ideal lung can be estimated; 
ideal residual nitrogen
= ideal residual nitrogen(n-l) * Vl/Vl+Vi 
where n = breath number
and the initial ideal residual nitrogen = 800ml.
The ideal decay curve can now be plotted in a similar 
way to the experimental nitrogen decay curve with the 
logarithm of ideal residual nitrogen against Turnover 
number (also shown in Fig 4.6).
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4.5.9. Ventilatory Efficiency at 90% clearance
When only 10% of the original nitrogen volume remains 
(i.e. 80 ml of nitrogen in one litre of lung), the ideal 
number of turnovers taken to reach that point can be 
expressed as a percentage of the actual number of 
turnovers. This is called the ventilatory efficiency at 
90% clearance. The ventilatory inefficiency is therefore 
100% - ventilatory efficiency.
The ventilatory dead space (VdV) at 90% clearance can 
then calculated using the mean expired volume from the 
study:
VdV = mean Ve * ventilatory inefficiency.
4.5.10. Multi-breath Alveolar Mixing Efficiency
Ventilatory dead space is made up of both a "series" 
or "anatomical" dead space (VdS), and an alveolar dead 
space (VdA).
VdV = VdS + VdA 
A tidal volume consists of the series dead space and the 
volume available for gas mixing beyond it , the tidal 
mixing volume (ViA).
Vt - VdS + ViA
ViA consists of the effective alveolar mixing volume (VmA) 
and the ineffective mixing volume or alveolar dead space 
(VdA).
ViA = VmA +' VdA 
Multi-breath alveolar mixing efficiency - AME (mb) is the 
effective alveolar mixing volume expressed as a percentage 
of the total volume available for mixing.
AME (mb) » VmA/ViA * 100%
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As series dead space has been excluded from the 
calculation of AME (mb) it denotes only alveolar 
inefficiencies, both diffusive and convective.
4.5.11. First breath Alveolar Mixing Efficiency
The recovery of nitrogen from the first breath of the 
nitrogen washout can be expressed as a percentage of the 
predicted recovery. This is termed the first breath 
alveolar mixing efficiency - AME (sb).
AME (sb) =
Measured volume of recovered nitrogen in first breath
Predicted volume of recovered nitrogen in first breath
where the predicted volume =
(Ve - VdS) * 0.8 * VI/(VI + Vi - VdS)
As series dead space has also been excluded from the 
calculation of the predicted volume, it is again assumed 
that AME (sb) is mainly an index of function distal to the 
stationary interface.
The ineffective mixing volume in this first breath is 
termed the series alveolar dead space - VdA (ser).
VdA (ser) = (Vt - VdS) * (100 - AME (sb))
This breath is a normal tidal volume and not a 
conventional single breath test when 1000 mis of a 
nitrogen free mixture is inspired and without a pause at 
least 1250 mis is expired.
4.5.12. Series and Parallel Alveolar Dead Space
The total alveolar dead space (VdA) is calculated from 
the multi-breath washout and can be thought of as being 
made up of two components; series and parallel alveolar 
dead space.
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VdA = VdA (ser) + VdA (pH)
where VdA (ser) is derived from the first breath of the 
washout.
So parallel VdA can be calculated by subtracting VdA (ser) 
from total VdA.
4.6. Tests of Airflow Limitation
Tests of Airflow Limitation were done on all subjects 
and used as a comparison with other published data. This 
was to check that the populations used were not biased 
groups.
The variables which were measured were FEV^q, ^50 / 
V25 and Raw. The tests were all performed with the 
subjects sitting in a whole body plethysmograph (Fenyves 
and Gut, Basle, Switzerland) . Raw is the only variable 
measured which required this apparatus, but it was 
convenient for the subjects to remain seated in the body 
plethysmograph whilst the other variables were being 
measured. The measurements of flow were obtained using the 
pneumotachograph and the volume measurement was simply an 
integrated flow signal. An X.Y. plotter (Bryans Southern 
Instruments Limited, Mitcham, Surrey) and a U.V. paper 
recorder (Medelec Limited, Woking, Surrey) were used for 
recording all analogue information.
The principle used for the whole body plethysmograph 
is Boyle's Law which states that if a given mass of gas is 
compressed at constant temperature, the product of 
pressure (P) and volume (V) is constant. A change in the 
volume of the air in the lung due to performance of a 
breathing manoevre may be estimated from the expansion or 
compression of the gas in the plethysmograph, which occurs
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as a result of the manoeuvre. The subject pants through 
the pneumotachograph before and after the operator 
activates a shutter which blocks off the airway. The 
subject pants with the cheeks supported by the hands to 
minimise any change in volume of the buccal cavity. The 
change in the alveolar pressure during panting against the 
shutter is measured with a pressure transducer; this is 
arranged to record the pressure in the mouth which, when 
the airway is closed by the shutter, is equal to that in 
the alveoli. The relationship of the alveolar pressure to 
the box pressure is a simple inverse one. The alveolar 
pressure and the box pressure were displayed on the axes 
of the Medelec recorder oscilloscope. The slope of the 
resulting diagram is the ratio of the change in the 
alveolar pressure to the change in the box pressure. The 
airway resistance is obtained from the ratio of the 2 
slopes before and after closing the shutter.
The body plethysmograph is calibrated by displacing a 
known volume of air into and out of it using a calibrated 
syringe.
4.7. Respiratory Symptom Scores
The Medical Research Council Questionnaire on 
Respiratory Symptoms was asked and the information 
obtained on cough, phlegm, wheeze and breathlessness was 
used to obtain a Respiratory Symptom Score for each 
subject.
The basic technique used in the questionnaire is to 
ask set questions about the presence or absence of 
symptoms and their degree of severity, recording each 
answer as either "yes" or "no" in the appropriate square.
A scoring system was devised to compare the respiratory 
symptoms of the subjects. The maximum score for a subject 
was 11. The MRC Questionnaire and the scoring sheet are 
shown in the Appendix.
4.8. Statistics
The data for analsis from the nitrogen washout tests, 
airflow limitation tests and the respiratory symptom 
questionnaire were fed onto an Apricot F10 computer and a 
statistical package for personal computers (SPP) was used 
for the data analysis. The data were not transformed in 
any way and were tested to see if the results obtained had 
been due to chance. Parametric and non-parametric tests 
were used depending on the distribution of the data being 
normal or not. The levels of significance were noted as 
not significant (ns), 5% (*) or 1% (**).
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CHAPTER
STUDY 1 - REPRODUCIBILITY OF SINGLE BREATH
AND MULTI-BREATH VARIABLES 
5.1. Introduction
This study was designed to test the reproducibity of 
first breath and multi-breath variables in two groups; 
"normal" subjects and patients with chronic airways 
disease.
5.2. "Normal" Subjects
5.2.1. Method
16 volunteer subjects performed a nitrogen washout 
test daily at fixed times, on seven occasions over the 
course of eight days. An MRC Questionnaire was also asked 
on the first visit and a respiratory symptom score was 
obtained from this. The subjects were healthy as 
determined by a clinical examination and they had never 
performed respiratory function tests before. There were 
eight females (five never smokers, three cigarette 
smokers) and eight males (two never smokers, four 
cigarette smokers, one cigar smoker, one ex-smoker). The 
mean age of the group was 37.0 years and the 
anthropometric data on these subjects is shown in Table
5.1.
5.2.2. Results
The data from the nitrogen washout of the 16 subjects are 
shown in Tables A.5.a - A.5.j in the Appendix, and the 
means and standard deviations are shown in Tables 5.2 and
5.3 together with the respiratory symptom scores. A 
summary of the means, within subject standard deviations 
(SD-[WJ), between subject standard deviations (SD-[B]) and
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the within subjects coefficients of variation (CV-[W]) for 
the variables of the first breath and the multi-breath 
nitrogen washout are shown in Table 5.7.
The mean respiratory symptom score for the group is
1.3 with a standard deviation of 1.9. The mean AME (sb) is 
89.6% with a within subject standard deviation of 3.8% and 
a between subject standard deviation of 3.7%. The 
coefficient of variation is calculated from the standard 
deviation/mean within an individual and then the mean 
coefficient of variation for the group is calculated. This 
reduces the influence of variation between individuals and 
in these "normal" subjects it is 4.3% for AME (sb). The
mean series alveolar dead space is 58 ml with both the
within subject standard deviation and the between subject 
standard deviation being 27 ml. The coefficient of 
variation for VdA (ser) is 49.6%.
The mean AME (mb) is 64.0% with a within subject 
standard deviation of 5.0% and a between subject standard 
deviation of 8 .8%. The coefficient of variation for AME 
(mb) within subjects is 7.9%. The mean parallel alveolar 
dead space is 125 ml with a within subject standard 
deviation of 31 ml and a between subject standard
deviation of 38 ml. The coefficient of variation for VdA
(pll) is 25%.
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Table 5.1 
Anthropometri c 
Reference No.
Females
P1496
P1497
P1499
P1500
P1501
P1504
P1508
P1512
mean
sd
Males
P1498
P1502
P1503
P1505
P1507
P1509
P1510
P1511
mean
sd
Age Height Weight Smoking
yr m Kg Status
Data on "Normal" Subjects
19.5 1.59 57.0 NS
47.5 1.49 68.0 S
21.4 1.64 64.0 NS
33.2 1.63 56.0 NS
35.0 1.81 97.0 NS
27.9 1.56 55.0 S
30.8 1.65 58.0 S
48.4 1.64 68.0 NS
33.0 1.63 65.4
10.7 0,09 13.8
48.7 1.74
30.6 1.83
23.3 1.80
45.5 1.74
43.5 1.78
44.5 1.80
45.3 1.69
47.2 1.81
41.1 1.77
9 . 1  0 . 0 5
89 . 0 S
75.0 ES
66.0 S
100.5 S
81.0 S
92.0 NS
76.0 S
95.0 NS
84.3
1 1 . 7
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5.3.1. Method
14 patients with chronic airways disease performed a 
nitrogen washout test daily at fixed times, on five 
consecutive days. An MRC Questionnaire was also asked on 
their first visit. They had a resting Pa02 greater than 45 
mmHg but less than 65 mmHg while breathing room air. They 
had not suffered either more than two exacerbation 
episodes in the previous year following bronchial 
infection, or one exacerbation within the previous six 
months. They were not receiving long term continuous 
domiciliary oxygen therapy. There were five females and 
nine males, one patient was a smoker and the remainder 
were all ex-smokers. The mean age of the group was 68.3 
years and the anthropometric data on these patients is 
shown in Table 5.4.
5.3.1. Results
The data from the nitrogen washout single breath of 
the 14 patients are shown in Tables A.5.k - A.5.t in the 
Appendix, and the means and standard deviations are shown 
in Tables 5.5 and 5.6 with the respiratory symptom scores. 
A summary of the means, within subject standard deviations 
(SD-[W]), between subject standard deviations (SD-[B]) and 
the within subject coefficients of variation (CV-[Wj) for 
the variables of the first breath and multi-breath 
nitrogen washout are shown in Table 5.7.
The mean respiratory symptom score for these 
patients is 8.1 with a standard deviation of 3.0. The mean 
AME (sb) is 60.7% with a within subject standard deviation 
of 3.9% and a between subject standard deviation of 4.3%.
5.3. Patients with Chronic Airways Disease
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The coefficient of variation for AME (sb) within subjects 
in these patients with chronic airway disease is 6 .6%. The 
mean series alveolar dead space is 191 ml with a within 
subject standard deviation of 39 ml and a between subject 
standard deviation of 66 ml. The coefficient of variation 
for VdA (ser) within subjects is 20.1%.
The mean AME (mb) is 33.8% with a within subject 
standard deviation of 3.1% and a between subject standard 
deviation of 6.5%. The coefficient of variation for AME 
(mb) within subjects is 9.2%. The mean parallel alveolar 
dead space is 108 ml with a within subject standard 
deviation of 35 ml and a between subject standard 
deviation of 32 ml. The coefficient of variation for VdA 
(pll) within subjects is 30.1%.
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Anthropometric Data on Chronic Airways Disease Patients
Table 5.4
Identifier
Females
P 253 
P2210 
P2270 
P2296 
P2440
Age
yr
68.0
7 4 . 0
6 8 . 5
7 2 . 4
65 . 4
Height
m
1. 5 9
1 . 6 0  
1 . 5 9  
1 . 6 5  
1 . 7 4
Weight
Kg
3 8 . 0
6 3 . 3
6 3 . 3
6 9 . 3
7 4 . 2
Smoking
Status
ES
ES
ES
ES
S
mean
sd
69 . 7
3 . 5
1 . 6 3
0 . 0 6
6 1 . 6
1 4 . 0
Males
P 388 
P 602 
P 748 
P1014 
P1709 
P2075 
P2078 
P2267 
P2455
7 5 . 8  
68 . 1
5 8 . 3
6 1 . 4
4 8 . 8
7 4 . 4
7 7 . 8
7 2 . 9  
7 0 . 2
1 . 7 2
1 . 7 3
1 . 7 7  
1 . 7 6  
1 . 7 0
1 . 7 8  
1 . 7 5  
1 . 67  
1 . 6 5
7 5 . 0
6 7 . 0
7 3 . 0  
67 .5 
6 5 . 6
5 9 . 5
5 1 . 0  
47 . 2
5 9 . 6
ES
ES
ES
ES
ES
ES
ES
ES
ES
mean
s d
6 7 . 5
9 . 6
1 . 7 3
0 . 0 5
6 2 . 8
9 . 4
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The coefficient of variation expresses variation 
relative to magnitude and the results in Table 5.7 show 
that when the washout is repeated under comparable 
conditions, of all the variables obtained from the single 
breath, AME (sb) shows the least variation in both groups. 
The coefficient of variation was 4.3% in the "Normals" and 
6 .6% in the patients. The series alveolar dead space shows 
the greatest variation in both groups with the coefficient 
of variation being 49.6% in the "Normals" and 20.1% in the 
patients. The coefficient of variation is calculated by 
dividing the standard deviation by the mean and if the 
standard deviation is similar in the two groups the 
difference in variation is accounted for solely by the 
groups having different mean values e.g. the patients have 
a lower mean AME (sb) than the "Normals" and a higher 
coefficient of variation.
The mean AME (sb) of the "Normals" is 89.6% with a 
within subject standard deviation of 3.8%, and for the 
Chronic Airways Disease patients the mean is 60.7% with a 
within subject standard deviation of 3.9%. The mean series 
alveolar dead space of the "Normals" is 58 ml with a 
within subject standard deviation of 27 ml, and for the 
patients the mean is 191 mis with a within subject 
standard deviation of 39 ml. '
AME (mb) is the variable from the multi-breath 
washout with the least variation in the "Normal" subjects, 
and the variation is a little higher in the Chronic 
Airways Disease patients as both the mean and the standard 
deviation were lower in this group. The parallel alveolar
5.4 Discussion
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dead space shows the greatest variation in both groups 
with the coefficient of variation being 25.0% in the 
"Normals" and 30.1% in the patients.
The mean AME (mb) of the normals is 64.0% with a 
within subject standard deviation of 5.0%, and for the
patients the mean is 33.8% with a within subject standard 
deviation of 3.1%. The parallel alveolar dead space is 125 
ml in the "Normals" with a within subject standard 
deviation of 31 ml, and for the patients the mean is 108 
ml with a within subject standard deviation of 35 ml.
The lung function of the group of patients is
impaired by their disease and this results in them having 
a higher mean series alveolar dead space and lower mean 
AME (sb) and AME (mb) results than the group of healthy 
individuals. The difference in variation between the two 
groups can often be explained by these different mean 
values.
5.5 Conclusions
The results obtained from nitrogen washout tests in 
the "Normals" and the Chronic Airways Disease patients 
indicate that both Alveolar Mixing Efficiencies (first
breath and multi-breath) are reproducible when performed 
under comparable conditions. The two components of 
alveolar dead space (series and parallel) have greater
variability and the reasons for this will be investigated 
further in the following two studies.
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CHAPTER
- STUDY 2 - NITROGEN WASHOUT VARIABLES IN NON-SMOKERS
6.1 Introduction
This study was designed to measure the values of first 
breath and multi-breath efficiencies over a three year 
period in men and women who had never smoked. The first two 
sessions provided a cross-sectional study to investigate the 
relationships between the first and multi-breath variables 
and the covariates sex, age, height and weight. It also 
established reference values for healthy life-long non­
smoking men and women which could be compared with patients 
with lung disease.
6.2 Method
55 volunteers were recruited by response to 
advertisements which appeared in newspapers and as pamphlets 
distributed door to door with the local newspaper. The 
subjects who were recruited lived within a 50 mile radius of 
Midhurst and were willing to travel to the Institute for 
tests. They all satisfied the following criteria:-
i) Age 18 to 65 years
ii) Never smoked as much as one manufactured cigarette 
a day, or one handrolled cigarette a day, or one 
pipe a day or one cigar (of any size) a week.
iii) Healthy as determined by clinical examination.
iv) No history of asthma or of other lung disease.
The subjects attended on the first two occasions, one
week apart, for baseline studies of lung function, 
performing a nitrogen washout test and some simple tests of 
airflow limitation; FEVi.q, V25 and Raw. All subjects
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had a medical examination, a chest X-ray, an 
electrocardiogram and completed an MRC Questionnaire on
Respiratory Symptoms on either their first or second visit.
The subjects repeated the lung function tests and
completed further questionnaires on Respiratory Symptoms at 
six monthly intervals for a period of three years. This gave 
a total of eight visits.
6.3.1. Baseline Results
The raw data from the 55 subjects is given in the
Appendix. The lung function data was investigated to
establish:
i) the reproducibility of the 2 baseline studies
ii) the relationships between the lung function and the 
sex, age, height and weight.
The sex and age of the subjects is shown in Table 6.1, 
and the anthropometric data in Table 6.2.
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Male Female Total
Table 6.1
Distribution of Never Smokers by Sex and Age
Age n % n % n %
16-25 2 3.6 2 3.6 4 7.2
26-35 8 14.6 2 3.6 10 18.2
36-45 7 12.7 9 16.4 16 29.1
46-55 14 25.5 9 16.4 23 41.9
56-65 0 0.0 2 3.6 2 3.6
Total 31 56.4 24 43.6 55 100.0
Table 6.2
Anthropometric Data on Never Smokers
Male Female Total
mean sd mean sd mean sd
Age (yr) 41.2 10.4 43.4 10.4 42.2 10.0
Height (m) 1.78 0.5 1.64 0.8 1.72 0.9
Weight (Kg) 80.7 10.0 63.1 7.5 73.0 12.5
6.3.2. Reproducibility of the 2 baseline studies of lung 
function.
When the male and female subjects were considered 
together, no significant differences were found between 
sessions 1 and 2 for any of the gas mixing or airflow 
limitation variables as shown in Table 6.3. In all the 
subsequent analysis therefore the mean values of both 
sessions will be used as the baseline results.
Gas Mixing and Airflow Limitation Results for all Never 
Smokers showing the Means, Standard Deviations and 
Significant Differences between Sessions 1 and 2
Session 1 Session 2 Significance
Table 6.3
mean sd mean sd
Multi-breath
vt 731 + 251 713 + 269 ns
Freq 13.7 + 3.9 13.7 + 3.8 ns
Min Vent 9.4 + 2.7 9.3 + 3.0 ns
VI 2.77 + 0.91 2.88 1.06 ns
VdS 176 + 36 176 + 40 ns
VdA 170 ± 89 161 + 70 ns
AME (mb) 69.0 + 8.1 68.6 + 7.7 ns
Single Breath
vt 751 + 296 712 + 285 ns
VdS 174 + 36 172 + 37 ns
VdA (ser) 62 42 62 4* 44 ns
AME (sb) 89.3 + 4.5 88.6 + 4.9 ns
VdA (pll) 108 + 56 99 + 42 ns
Airflow limitation
FEVx.o 3.22 + 0.85 3.24 + 0.84 ns
V50 3.74 + 1.24 3.61 3.61 ns
V25 1.25 + 0.64 1.20 + 0.65 ns
Raw 1.26 + 0.53 1.23 + 0.37 ns
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6.4 Relationship between Baseline Lung Function and Sex, 
Age, Height and Weight
6.4.1. Sex
Using the Mann-Whitney test, significant differences 
were found between males and females for all the gas mixing 
variables with the exception of frequency of breathing 
during the nitrogen washout test, VdA (pll), AME (mb) and
AME (sb). Tests of airflow limitation also showed
significant differences between males and females for all 
variables. The levels of significance are shown in Table
6.4. The differences observed for the covariate sex are
biased by the covariates height and weight because as 
expected the males were significantly heavier and taller 
than the females (< 0.01). There was no significant
difference in age between the male and female subjects. The
Respiratory Symptom Scores of the males and females were not
significantly different.
6.4.2. Age
Tables A.6 .j and A.6 .k in the Appendix shows the gas
mixing and airway limitation results according to age. Some 
of the age groups have very small numbers of subjects in 
them and so I have calculated the correlation coefficients 
between age and the lung function variables. These are shown 
in Table 6.5. None of the Gas Mixing variables was
significantly correlated with age, and of the airway 
limitation variables only V25 is significantly correlated 
with age in both males and females. Pearson's Product-Moment 
Correlation Coefficient (r) was used to show the 
significance of the relationships between the lung function 
variables and the covariates of age, height and weight.
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6.4.3. Height
The correlation between height and the lung function
variables is shown in Table 6.6 for males and females.
Although the correlation for both combined is also shown, 
this is complicated by the fact that the combined 
distribution of heights is bi-modal. Significant
correlations were found in males and females between height 
and VI in the gas mixing variables, and FEV^tq in the Airway 
Limitation Variables.
6.4.4. Weight
The correlation between weight and the lung function
variables is shown in Table 6 .7 for males and females. Again 
the combined distribution of weights is bi-modal. Weight was 
significantly correlated in both males and females with VdA 
(multi-breath) and VdA (pll).
Initial * Gas Mixing, Airflow Limitation and Symptom Score 
Results for Male and Female Never Smokers showing the Means, 
Standard Deviations and Significant Differences between the 
sexes
Male Female Significance
Table 6.4
Mean sd Mean sd
Multi-breath
vt 802 + 258 619 + 194 **
Freq 13.7 + 3.5 13.7 ± 4.1 ns
Min Vent 10.4 + 2.6 8.0 + 1.9 **
VI 3.17 + 0.96 2.37 + 0.66 **
VdS 195 + 33 152 + 23 **
VdA 183 + 83 142 + 47 *
AME (mb) 69.6 + 7.0 67.9 + 6.5 ns
Single Breath
vt 811 + 299 627 + 204 **
VdS 192 + 29 147 + 23 * -k
VdA (ser) 71 4- 44 48 + 25 **
AME (sb) 88.7 + 3.8 89.5 + 3.8 ns
VdA (pll) 112 + 47 94 + 27 ns
Airflow Limitation
FEV!.o 3.78 + 0.63 2.53 + 0.45 * *
v5o 4.17 + 1.18 3.03 + 0.79 * *
V25 1.35 + 0.57 .1.03 + 0.63 * *
Raw 1.09 + 0.36 1.44 + 0.43 * k
Symptom Score 0.36 + 0.71 0.46 + 0.72 ns
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Limitation Variables and Symptom Scores in Never Smokers
Male Female Both
Correlation Correlation Correlation
Coefficient p Coefficient p Coefficient p
Table 6.5
Correlation between Age and the Gas Mixing and Airway
Multi-breath
Vt 0.028 ns 0.374 ns 0.096 ns
Freq -0.178 ns -0.371 ns -0.260 ns
Min Vent -0.079 ns -0.100 ns -0.126 ns
VI 0.096 ns 0.189 ns 0.066 ns
VdS 0.248 ns 0.130 ns 0.100 ns
VdA 0.082 ns 0.281 ns 0.100 ns
AME (mb) -0.210 ns 0.169 ns -0.074 ns
Single Breath
Vt 0,054 ns 0.398 ns 0.117 ns
VdS 0.201 ns 0.059 ns 0.042 ns
VdA (ser) 0.094 ns 0.281 ns 0.105 ns
AME (sb) -0.183 ns 0.070 ns -0.067 ns
VdA (pll) 0.056 ns 0.235 ns 0.078 ns
Airway Limitation
FEVX.o -0.484 k k -0.281 ns -0.353 kk
V50 -0.266 ns -0.356 ns -0.305 k
^25 -0.604 kk -0.649 k k -0.624 kk
Raw 0.264 ns -0.232 ns 0.077 ns
Symptom
Score
-0.308 ns 0.149 ns -0.109 ns
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Limitation Variables and Symptom Scores in Never Smokers
Male Female Both
Correlation Correlation Correlation 
Coefficient p Coefficient p Coefficient p
Multi-breath
Table 6.6
Correlation between Height and the Gas Mixing and Airway
vt 0.138 ns 0.337 ns 0.408 **
Freq -0.023 ns -0.319 ns -0.139 ns
Min Vent 0.183 ns 0.084 ns 0.425 **
VI 0.440 * 0.440 * 0.569 **
VdS 0.320 ns 0.133 ns 0.564 **
VdA -0.020 ns 0.352 ns 0.281 *
AME (mb) 0.203 ns 0.169 ns 0.217 ns
Single Breath
vt 0.102 ns 0.269 ns 0.349 *
VdS 0.279 ns 0.085 ns 0.574 kk
VdA (ser) -0.092 ns 0.428 * 0.284 ns
AME (sb) 0.252 ns -0.302 ns -0.106 ns
VdA (pll) 0.050 ns 0.225 ns 0.230 ns
Airflow Limitation
F E V i  . o 0.412 * 0.535 •k k 0.745 •k k
V50 0.145 ns -0.107 ns 0 . 377 k k
^25 0.417 * 0.097 ns 0.349 k k
Raw -0.339 ns -0.234 ns -0.475 kk
Symptom 0.029 ns 0.097 ns -0,009 ns
Score
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Correlation between Weight and the Gas Mixing and Airway
Limitation Variables and Symptom Scores in Never Smokers
Male Female Both
Correlation Correlation Correlation 
Coefficient p Coefficient p Coefficient p
Table 6■7
Multi-breath
vt 0.328 ns 0.443 k 0.500 kk
Freq -0.091 ns -0.356 ns -0.147 ns
Min Vent 0.246 ns 0.076 ns 0.457 kk
VI -0.308 ns 0.193 ns 0.197 ns
VdS -0.184 ns -0.028 ns 0.348 kk
VdA 0.413 * 0.614 k k 0.513 kk
AME (mb) -0.216 ns -0.020 ns -0.013 ns
Single Breath
Vt 0.398 * 0.397 ns 0.502 kk
VdS -0.140 ns -0.176 ns 0.383 k k
VdA (ser) 0.251 ns 0.528 ** 0.426 kk
AME (sb) 0.173 ns -0.215 ns -0.053 ns
VdA (pll) 0.485 k k 0.594 kk 0.506 k k
Airflow Limitation
FEVi.o -0.068 ns 0.052 ns 0.510 kk
V50 0.097 ns -0.216 ns 0.349 k k
^25 -0.115 ns -0.399 ns 0.032 ns
Raw 0.206 ns -0.253 ns -0.279 k
Symptom
Score
0.158 ns 0.611 k k 0.177 ns
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6.5 Cross Correlations
The correlation coefficients and their respective levels 
of significance for symptom scores and all the lung function 
variables are presented in matrix form for Males in Table
6 .8 , and for Females in Table 6.9. Pearson's product moment 
correlation coefficient "r" was used as the measure of 
association and provides information on the strength of 
relationship between two variables. A summary of the 
correlation coefficients which are significant for AME(sb) 
are shown in Table 6.10 and for AME (mb) are shown in Table
6.11. These tables show the "r" values and the significance 
levels.
In male subjects AME(mb) is significantly associated 
with FRC, VdA, AME(sb), VdA(pll), FEV^ < q, V5q, and V2 5. The 
significant associations for AME(mb) in female subjects are 
Symptoms, Vt(mb), Vt(sb) and AME(sb). Therefore the only 
variable which AME(mb) is significantly associated with in 
both males and females is AME(sb).
In male subjects AME(sb) is significantly associated 
with VdA, VdA(ser) and of course AME (mb) . The significant 
associations for females are similar but they are just 
VdA(ser) and AME(mb).
6.6 Regression Relationships
Table 6.12 shows the regression coefficients from a 
variety of authors who used multiple regression analysis to 
predict values for airflow limitation variables. This table 
also shows the regression coefficients obtained from my 
group of Never Smokers. Table 6.13 shows the predicted 
values for this group using the regression relationships of 
the other authors.
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These regression relationships will be compared in the 
discussion at the end of the chapter.
Table 6.10
Summary of the significant Correlation Coefficients between 
AME(sb) and the lung function variables for male and female 
Never Smokers.
Variable Male Female
r P r P
VdA -0.373 * -0.307 ns
AME(mb) 0.500 kk 0.643 k k k
VdA(ser) -0.531 k k -0.515 kk
Table 6.11
Summary of the significant Correlation Coefficients between 
AME(mb) and the lung function variables for male and female 
Never Smokers.
Variable Male Female
r P r P
Symptoms -0.235 ns -0.400 *
Vt(mb) 0.139 ns 0.559 * k
FRC 0.397 k 0.325 ns
VdA -0.367 k -0.056 ns
Vt(sb) 0.148 ns 0.595 k k
AME(sb) 0.500 kk 0.643 k k k
VdA(para) -0.475 kk -0.050 ns
FEVX . o 0.424 k 0.019 ns
v5o 0.391 k -0.002 ns
2^5 0.527 k k -0.071 ns
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Regression relationships for the prediction of indices of 
lung function in healthy adult male and female subjects of 
European descent.
Regression coefficients
Index Units Sex Height Age Constant SD Source
FEVi.o 1 M 3.62 -0.031 -1.41 0.50 Cotes et
al.(1966)
F 3.29 -0.029 -1.42 0.36 Hall et
al.(1979)
VC 1 M 5.20 -0.022 -3.60 0.58 Kory et
al. (1961)
F 4.66 -0.029 -2.88 0.44 Hall et
al. (1979)
V50 l.s“l M 2.57 -0.031 2.40 - Cherniak &
Raber
F 2.45 -0.023 1.43 - (1972)
Table 6.12
V25 l.s“  ^M 1.41 -0.041 1.98 - Cherniak &
Raber
F 0.92 -0.035 2.21 - (1972)
Raw M & F 0.5-2.0 - Pelzwe &
C111H2O.I"*-*-. s Thomson
(1966)
36
Table 6.12 cont/d...
Regression coefficients obtained from my study
Index Units Sex Height Age Constant SD R2
FEVi.o 1 M 3.987 -0.026 -2.242 0.63 0.344
F 3.154 -0.014 -2.033 0.45 0.374
V50 1 . M 2.239 -0.028 1.360 1.18 0.080
F -1.003 -0.030 5.964 0.79 0.136
V25 1. s_1 M 3.390 -0.030 -3.438 0.57 0.465
F 0.938 -0.044 1.386 0.63 0.435
Raw M 0.37-1. 81
cmH20. I"1. s F CN11—I VO0 27
Table 6.13
Initial Airflow Limitation Results for Male and Female Never 
Smokers from my study and the predicted values using the 
regression relationships in Table 6.12.
Male Female
My Study Predicted My Study Predicted
Mean Mean Mean Mean
sd sd sd sd
FEVi.0 3.78 3 .75 2.53 2.72
0.63 0.50 0.45 0.36
^50 4 .17 5.69 3.03 4.45
1.18 0.79
V25 1.35 2.80 1.03 2.20
0.57 0.63
Raw 1.09 0.5-2.0 1.44 0.5-
0.36 0.43
07
Tables 6.14 and 6.15 show the longitudinal results for 
the gas mixing variables for males and females, and Tables 
6.16 and 6.17 show the airway limitation data. Page's L 
Trend Test was used to test whether the results showed any 
significant change over the time period (Table 6.18). The 
multi-breath variables that show significant trends with 
time in both males and females are Vt, Min Vent, VI, VdS and 
AME (mb) . None of the single breath variables show 
significant trends with time in both males and females. 
However VdS, VdA (pll) and AME (sb) decrease significantly 
in the males and Vt(sb) decreases significantly in the 
females. The airway limitation variables that change 
significantly with time are FEV^,q and Raw in both males and 
females, and V50 in the males.
All the significant trends are falls with time, with the 
exception of Raw which rises significantly with time.
6.7 Longitudinal Results
Longitudinal Results for Male Never Smokers for the 
Gas Mixing Variables
Table 6.14
Session 1,2 3 4 5 6 7 8
mean mean mean mean mean mean mean
sd
Multi-breath
sd sd sd sd sd sd
vt 802 780 754 704 735 712 694
258 189 310 178 193 171 208
Freq 13.7 14.3 13.7 14.3 13.1 13.3 13.5
3.5 3.1 4.0 3.7 3.5 3.1 3.2
Min Vent 10.4 10.9 9.6 9.8 9.2 9.3 9.1
2.6 2.9 2.7 2.9 2.0 2.6 2.3
VI 3.17 3.10 2.93 2.69 2.68 2.68 2.7!
0.96 0.79 0.77 0.81 0.79 0.68 0.5!
VdS 195 203 192 188 187 176 177
33 38 32 44 34 39 32
VdA 183 196 179 172 169 178 175
83 70 97 64 78 73 59
AME (mb) 69.6 65.9 67.6 66.5 68.9 66.9 65.4
7.0
Single Breath
8.3 7.8 8.2 8.5 8.1 6.2
Vt 811 838 772 702 762 750 748
299 248 254 233 218 252 212
VdS 192 213 191 195 188 180 184
29 45 32 63 34 38 34
VdA (ser) 71 82 70 95 79 80 82
44 45 39 79 36 44 48
AME (sb) 88.7 86.6 87.9 81.4 86.3 85.4 84.7
3.8 6.7 4.7 9.9 5.3 6.9 8.1
VdA (pll) 112 114 112 77 91 98 93
47 65 82 100 59 61 39
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Longitudinal Results for 
Gas Mixing Variables
Table 6.15
Session 1,2 3 4
mean mean mean
sd
Multi-breath
sd sd
V t 619 589 568
194 133 136
Fr eq 1 3 . 7 1 4 . 0 1 4 . 7
4 . 1 3 . 6 3 . 8
Min V en t 8 .0 8 .0 8 .0
1 .9 1 .7 1 .5
V I 2 . 3 7 2 . 4 3 2.31
0 . 6 6 0 . 7 4 0 . 6 :
VdS 152 149 154
23 32 23
VdA 142 125 128
47 55 37
AME (mb) 6 7 . 9 7 0 . 8 6 8 . 2
6 . 5
Single breath
1 1 . 0 7 . 8
v t 627 557 586
204 138 166
VdS 147 146 150
23 35 27
VdA ( s e r ) 48 42 56
25 21 28
AME ( s b ) 8 9 . 5 8 8 . 3 8 7 . 1
3 . 8 8 . 8 5 . 0
VdA ( p l l ) 94 83 72
27 47 25
Female Never Smokers for the
5 6 7 8
mean mean mean mean
sd sd sd sd
583 563 514 503
162 125 138 113
1 4 . 2 13 . 9 1 4 . 3 1 4 . 1
3 . 9 3 . 4 3 . 3 3 . 6
7 . 8 7 . 5 7 . 1 6 . 8
1 . 3 1 . 3 1 . 3 1 . 6
2 . 2 6 2 . 2 0 2 . 0 0 1 . 9 2
0 . 4 5 0 . 5 9 0 . 4 9 0 . 5 0
160 156 139 134
30 27 21 23
125 129 120 132
41 42 42 37
6 9 . 4 6 7 . 5 6 7 . 3 6 3 . 2
6 . 2  • 8 . 0 7 . 9 7 . 7
600 600 527 524
181 153 148 195
162 158 141 128
27 27 26 33
57 54 49 45
31 35 25 25
8 7 . 2 8 8 . 2 8 7 . 4 8 8 . 6
4 . 3 4 . 4 5 . 2 3 . 5
68 74 71 88
30 29 31 28
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Table 6.16
Longitudinal Results for Male Never Smokers for the Airway 
Limitation Data and Respiratory Symptoms
Session 1,2 3 4 5 6 7 8
mean mean mean mean mean mean mean
sd sd sd sd sd sd sd
FEV!.o 3.78 3.65 3.70 3.53 3.46 3.41 3.53
0.63 0.56 0.69 0.59 0.60 0.56 0.63
V50 4 .17 4.09 4.01 4,23 3.93 3.84 3.52
1.18 1.03 1.28 1.09 1.33 1.21 1.01
V25 1.35 1.32 1.37 1.45 1.27 1.30 1.18
0.57 0.58 0.69 0.58 0.60 0.52 0.65
Raw 1.09 1.11 1.24 1.26 1.39 1.34 1.41
0.36 0.31 0.50 0.43 0.46 0.39 0.42
Symptom 0.36 0.19 0.19 0.16 0.16 0.16 0.36
Score 0.71 0.65 0.65 0.58 0.45 0.74 0.99
Time 0 195 371 568 758 941 1120
(Days) - 16 14 34 32 49 52
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Table 6.17
Longitudinal Results for Female Never Smokers for the Airway 
Limitation Data and Respiratory Symptoms
Session 1,2 3 4 5 6 7 8
mean mean mean mean mean mean mean
sd sd sd sd sd sd sd
FEV!.o 2.53 2.53 2.59 2.46 2.39 2.39 2.35
0.45 0.44 0.45 0.40 0.50 0.4.2 0.37
^50 3.03 3.15 3.16 3.19 3.13 3.10 2.76
0.79 0.86 0.63 0.76 0.92 0.84 0.70
V25 1.03 1.04 1.02 1.10 1.12 1.06 0.83
0.63 0.61 0.51 0.67 0.65 0.55 0.34
Raw 1.44 1.47 1.40 1.54 1.72 1.56 1.72
0.43 0.74 0.44 0.41 0.58 0.44 0.52
Symptom 0.46 0.58 0.17 0.46 0.33 0.42 0.88
Score 0.72 1.47 0.64 1.29 0.92 1.14 1.48
Time 0 196 369 582 765 948 1134
(Days) - 16 13 32 44 49 58
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Trends in Gas Mixing Variables, Airflow limitation and 
Respiratory Symptom Scores of Never Smokers over Three Years 
using Page's L Trend Test (A fall in the numerical value of 
the variable with time is represented by a and a rise
by a )
Male Female
Table 6.18
Trend
Direction
Multi-breath
Vt
Freq
Min Vent 
VI 
VdS 
VdA
AME (mb)
Single breath
Vt
VdS
VdA (ser) +
AME (sb)
VdA (pH)
Airflow Limitation
F E V ! . o
V50
V25
Raw +
Symptom
Score
Significance Trend Significance 
Direction
**
ns
kk
k k
k k
ns
*
ns
k k
ns
k k 
k
ns
k *
ns
k k
ns
k k
k k
ns
k
ns
ns
ns
ns
ns
ns
k k
ns
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6.8 Discussion
6.8.1. Baseline Results
Within the present study no significant difference 
exists between the ages of the male and female Never 
Smokers, and as might be predicted the male subjects were 
significantly taller and heavier than the female subjects 
(Table 6.2). With the exception of Breath frequency, 
VdA(pll), AME(mb) and AME(sb), all variables of gas mixing 
and airflow limitation differed significantly between the 
sexes. In all the variables which are volumes the male 
values are higher than the female ones. This is because the 
size of the lung determines these and the lungs of men are 
larger than those of women.
The only variable significantly correlated with age in 
both males and females was V2 5. It may have been expected 
that some of the other variables would have been 
significantly correlated with age. FEVi.Q' ^50r and V25 did 
all show negative correlations with age (although they were 
non-significant), and this supports other studies which have 
shown a decline in ventilatory capacity. The decline in 
FEV^.q is reported to be approximately 30 ml/year [Cotes et 
al (1966)]. VdA is positively correlated with age in my 
study although it is not a significant correlation. Other 
workers have also reported an enlargement of physiological 
deadspace with increasing age [Tenney and Miller (1956)].
Height was significantly correlated in both males and 
females with VI in the gas mixing variables, and FEV^.q in 
the airway limitation variables. Other studies have shown 
that height is positively correlated with lung size to a 
greater extent than is any other anthropometric index. The
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size of the lung determines the total lung capacity, its 
subdivisions and the indices which are dependant on lung 
size, including FEVi#q . FEVi .q is often standardised for 
height and reported as FEV£.q divided by H3.
Body weight provides an alternative index of size, 
however body weight comprise bone weight, lean body mass and 
adipose tissue. Body weight itself usually contributes very 
little to the description of the size of the lungs when 
stature is also included in the relationship. In my study 
weight was significantly correlated in both males and 
females with total VdA and VdA(pll).
Many data on the lung function of healthy men and women 
are available in the published literature. Most studies 
refer to a relatively small number of subjects. The subjects 
for study have in some cases been chosen by a process of 
random sampling from the whole of a community or a section 
of it e.g. members of the Armed Forces [Boren et al (1966)]. 
In other cases the subjects have been recruited haphazardly 
from amongst men and women without evidence of chest disease 
who are accessible to the laboratory where the measurements 
are made e.g. members of staff. My subjects all responded to 
advertisements and lived within a 50 mile radius of 
Midhurst. They were not therefore randomly selected but they 
were all non-smokers and had a clinical examination.
The results of studies of groups of subjects may be 
described by multiple regression equations in which an 
allowance is made for the contributions to the range of the 
observed values of age, sex, body size and other variables. 
Although regression relationships obtained from different 
groups of subjects are similar, they are seldom identical.
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Some of the discrepencies are due to technical factors and 
others to the use of different criteria in the selection of 
subjects, in particular the extent to which smokers are 
excluded. Table 6.12 shows regression formulae from a 
variety of authors who used different groups of people and 
different techniques. Cotes et al (1966) re-analysed data 
obtained over the period 1957 to 1964 for 405 asymptomatic 
men working in non-dusty occupations. FEVi # q was measured 
using bellows spirometry as opposed to integrated flow 
measurements used in the present study. The regression 
equations for both never smokers and smokers were combined 
although the original analysis reported them separately. I 
have used multiple regression analysis allowing for sex, age 
and height for my Never Smokers for the same indices and the 
regression equations are shown in the same Table 6.12. The 
raw data used in this analysis was not transformed in any 
way. The numbers of subjects within my sample populations 
are small and are not matched with those of previous 
authors. They are also a rural population of Never Smokers. 
However, the formulae do permit direct comparisons to be 
made.
The R2 term is a measure of the variance explained in 
the model of reression by the sources of variance used; age 
and height. Therefore if R2 is equal to one, then all the 
variation in the model can be accounted for by the sources 
of variance. In my study the highest R2 values were for the 
regression equations on FEVi#q and V25 • This is because 
FEVi.o was significantly correlated with height in males and 
females and age in males only. V25 was significantly 
correlated with age in both males and females and height in
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males only (Tables 6.5 and 6 .6 ). Neither height or age was 
significantly correlated with V5Q. It is therefore likely 
that height and age account for more of the variation in 
FEVi.0 and V25 than they do in V5 0.
The equations from my populations show similar values
for the regression coefficients for FEVi.0 although the 
equations for females for V50 and for males for V25 are not 
similar. It is possible that the method of measurement and 
the population size and smoking habits account for the 
differences.
I have used the regression equations from the authors 
shown in the first section of Table to calculate the 
reference values of the airway limitation variables for my 
groups of Never Smokers. As can be seen the initial airflow 
limitation results from my study were similar for Raw and 
FEVi.0 to those quoted although V50 and V25 values were 
lower in my group than those in the Cherniack and Raber 
(1972) study. Although their study was also on healthy non- 
smokers , they used a wedge spirometer and my study used the 
body plethysmograph and integrated flow measurements. In all 
I think that this comparison of measurements of airway 
limitation shows that it is fair to use my populations to
investigate indices of gas mixing.
In my study AME(sb) and AME (mb) were not significantly 
different between the ‘ sexes and were not significantly 
correlated with age, height or weight. The normal values of 
gas mixing indices which I have obtained have not previously 
been determined and so no comparisons are possible for
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these. These results and the results from the next chapter 
on patients with chronic airway disease will be compared 
with those obtained from the model developed later.
6.8.2 Longitudinal Results
No single breath variables from the gas mixing results 
show significant trends with time in both males and females, 
but the multi-breath variables Vt, Min Vent, VI, VdS and 
AME (mb) do change significantly with time. The fall in Vt 
and Minute Ventilation with time could mean that the 
subjects became more relaxed as they made repeated visits to 
the laboratory. The airway limitation variables which show a 
significant trend over time are FEV^.o anc* Raw. The fall in 
FEVi#o was approximately double the 90 ml we may have 
expected over three years. The excessive fall in FEVj^  0 
seen in this population could reflect subject selection or 
more appropriately differences in effort with time.
these. These results and the results from the next chapter 
on patients with chronic airway disease will be compared 
with those obtained from the model developed later.
6.8.2 Longitudinal Results
No single breath variables from the gas mixing results 
show significant trends with time in both males and females, 
but the multi-breath variables Vt, Min Vent, VI, VdS and 
AME(mb) do change significantly with time. The fall in Vt 
and Minute Ventilation with time could mean that the 
subjects became more relaxed as they made repeated visits to 
the laboratory. The airway limitation variables which show a 
significant trend over time are FEVi. 0 anc* Raw. The fall in 
FEVi. 0 was approximately double the 90 ml we may have 
expected over three years. The excessive fall in FEV1>0 
seen in this population could reflect subject selection or 
more appropriately differences in effort with time.
CHAPTER
STUDY 3 - NITROGEN WASHOUT VARIABLES
IN CHRONIC AIRWAY DISEASE 
7.1 Introduction
This study was designed to investigate the values of 
first breath and multi-breath variables in patients with 
chronic airways disease. It provided a cross-sectional 
study which could be compared with the reference values 
from the healthy non-smoking men and women.
7.2 Method
45 patients with chronic airways disease from the King 
Edward VII Hospital, Midhurst, West Sussex were studied in 
the laboratory. The 30 males and 15 females were either 
in-patients or out-patients from the hospital. Three 
patients were smokers, twenty-six patients were ex-smokers 
and one had never smoked. For this study the patients 
attended on one occasion only for tests of lung function, 
although some of them had performed the tests on earlier 
visits to the hospital. They performed a nitrogen washout 
and some simple tests of airflow limitation, in the same 
way as the never smokers. They also completed an MRC 
Questionnaire on Respiratory Symptoms.
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The raw data from the 45 patients is given in Table 
A. 7. a in the Appendix. A summary of the sex and age 
distribution of the patients is shown in Tables 7.1. and
7.2.
7.3 Results
Table 7.1
Distribution of Patients by Sex and Age
Male Female Total
Age n % n % n %
36-45 0 0.0 1 2.2 1 2.2
46-55 3 6.7 0 0.0 3 6.7
56-65 8 17.8 5 11.1 13 28.9
66-75 15 33.3 8 17.8 23 51.1
76-85 4 8.9 1 2.2
/
5 11.1
Total 30 66.7 15 33.3 45 100.0
Table 7.2
Anthropometric Data on Patients
Male 
mean sd
Female 
mean sd
Total 
mean sd
Age (yr) 
Height (m) 
Weight (Kg)
67.7 8.8
1.73 0.07
6 8 . 3 1 1 . 2
66.7 8.9
1.63 0.05
61.7 13.8
67.3 8.8
1.69 0.08
6 6 . 1 1 2 . 4
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7.4 Relationship between Baseline Lung Function and Sex, 
Age, Height and Weight
7.4.1 Sex
Significant differences were found between males and 
females for all the gas mixing variables with the 
exception of frequency of breathing, VdA, Vt(sb), 
VdA(ser), VdA(pll) and AME(sb) (Mann-Whitney test). No 
significant differences were found in the tests of airflow 
limitation between the males and females. The levels of 
significance are shown in Table 7.3. The males were 
significantly taller than the females, but the age and 
weight did not differ significantly between the sexes. The 
Respiratory Symptom Scores of the males and females were 
not significant different.
7.4.2 Age
Tables A . 7. b and A.7.c in the Appendix show the gas 
mixing and airway limitation results according to age. 
Again some of the age groups have very small numbers in 
them and so Table 7.4 shows the correlation coefficients 
between age and the lung function variables, Again 
Pearson's Product-Moment Correlation Coefficient (r) was 
used to show the significance of the relationships between 
the lung function variables and the covariates of age, 
height and weight. None of the gas mixing or lung 
mechanics variables are significantly correlated with age 
in both males and females.
7.4.3 Height
The correlation between height and the lung function 
variables is shown in Table 7.5 for males and females. The 
combined distribution of heights is bi-modal. Although
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height is significantly correlated with some of the lung 
function variables in either males or females, it is not 
correlated with any variable in both sexes.
7.4.4 Weight
The correlation between weight and the lung function 
variables is shown in Table 7.6 for males and females. The 
combined distribution of weights is again bi-modal. No 
significant correlations were found between weight and any 
of the lung function variables in both males and females.
Gas Mixing, Airflow Limitation and Symptom Score Results 
for Male and Female Patients showing the Means, Standard 
Deviations and Significant Differences between the sexes
Male Female Significance
Table 7.3
mean sd mean sd
Multi-breath
Vt 669 + 232 525 ± 110 •k •.k
Freq 18.7 + 4.8 19.1 + 4.1 ns
Min Vent 11.8 2.6 9.8 + 1.8 **
VI 3.55 + 1.07 2.50 + 0.69 ■k k
VdS 198 + 41 151 + 23 ■kk
VdA 296 + 143 251 + 71 ns
AME (mb) 37.4 + 5.3 32.5 + 7.2 *
Single Breath
Vt 684 + 281 562 + 162 ns
VdS 204 + 44 157 + 32 kk
VdA (ser) 167 ± 84 136 + 67 ns
AME (sb) 65.3 + 6.2 66.8 + 7.8 ns
VdA (pll) 127 + 77 115 + 34 ns
Airflow Limitation
FEVI.0 0.95 + 0.59 0.73 + 0.37 ns
V50 0.63 + 0.67 0.48 + 0.35 ns
V25 0.24 + 0.13 0.25 + 0.16 ns
Raw 3.42 + 2.05 4.09 + 1.61 ns
Symptom
Score
6.80 + 3.54 6.20 + 3.95 ns
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Male Female Both
Table 7.4
Correlation between Patient Age and the Gas Mixing and
Airflow Limitation Variables and Symptom Scores in Disease
Correlation
Coefficient P
Correlation
Coefficient P
Correlation
Coefficient P
Multi-breath
vt -0.191 ns -0.413 ns -0.196 ns
Freq 0.224 ns 0.409 ns 0.275 ns
Min Vent 0.106 ns 0.095 ns 0.111 ns
VI 0.118 ns -0.119 ns 0.074 ns
VdS 0.034 ns 0.156 ns 0.074 ns
VdA -0.216 ns -0.484 * -0.246 ns
AME 0.148 ns 0.036 ns 0.108 ns
Single Breath
vt -0.227 ns -0.341 ns -0.229 ns
VdS 0.087 ns 0.190 ns 0.120 ns
VdA (ser) -0.215 ns -0.348 ns -0.239 ns
AME (sb) 0.041 ns 0.083 ns 0.052 ns
VdA (pll) -0.173 ns -0.326 ns -0.185 ns
Airflow Limitation
FEV!.o -0.264 ns -0.384 ns -0.270 ns
^50 0.025 ns 0.005 ns 0.025 ns
^25 0.155 ns 0.143 ns 0.149 ns
Raw 0.327 ns 0.323 ns 0.312 *
Symptom -0.105 ns -0.253 ns -0.155 ns
Score
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Male Female Both
Correlation Correlation Correlation
Table 7.5
Correlation between Patient Height and the Gas Mixing and
Airflow Limitation Variables and Symptom Scores in Disease
Coefficient P Coefficient P Coefficient p
Multi-breath
vt 0.192 ns 0.189 ns 0.340 *
Freq 0.203 ns -0.001 ns 0.092 :
Min Vent 0.515 * * 0.150 ns 0.550 **
VI 0.196 ns 0.517 * 0.471 **
VdS 0.377 * -0.216 ns 0.503 **
VdA 0.111 ns 0.125 ns 0.191 ns
AME (mb) 0.142 ns 0.307 ns 0.391 **
Single Breath
Vt 0.217 ns 0.124 ns 0.296 *
VdS 0.417 ns 0.405 ns 0.591 **
VdA (ser) 0.148 ns 0.254 ns 0.251 ns
AME (sb) 0.027 ns -0.324 ns -0.137 ns
VdA (pll) 0.048 ns -0.241 ns 0.063 ns
Airflow Limitation
FEVi.0 0.295 ns -0.110 ns 0.297 *
V5 0 0.181 ns -0.107 ns 0.182 ns
V25 0.032 ns -0.038 ns -0.006 ns
Raw -0.220 ns 0.075 ns -0.220 ns
Symptom
Score
0.198 ns 0.033 ns 0.154 ns
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Male Female Both
Table 7.6
Correlation between Patient Weight and the Gas Mixing and
Airflow Limitation Variables and Symptom Scores in Disease
Correlation Correlation Correlation
Coefficient P Coefficient P Coefficient P
Multi-breath
vt 0.289 ns 0.330 ns 0.339 *
Freq -0.148 ns -0.034 ns -0.114 ns
Min Vent 0.218 ns 0.302 ns 0.315 *
VI -0.066 ns -0,033 ns 0.090 ns
VdS 0.210 ns -0.092 ns 0.249 ns
VdA 0.259 ns 0.225 ns 0.266 ns
AME (mb) -0.051 ns 0.368 ns 0.252 ns
Single Breath
Vt 0.334 ns 0.543 * 0.408 ■k k
VdS 0.317 ns 0.381 ns 0.414 k k
VdA (ser) 0.330 ns 0.325 ns 0.355 k
AME (sb) -0.023 ns 0.095 ns -0.003 ns
VdA (pll) 0.129 ns -0.172 ns 0.081 ns
Airflow Limitation
FEVx.o 0.328 ns 0.381 ns 0.364 k
V50 0.250 ns 0.511 * 0.314 k
V25 -0.030 ns 0.155 ns 0.042 ns
Raw -0.259 ns 0.443 ns -0 . 071 ns
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7.5 Cross Correlations of Patients
The correlation coefficients and their respective 
levels of significance for symptom scores and all the lung 
function variables are presented in matrix form for males 
in Table 7.7 and for females in Table 7.8. Pearson's 
product moment correlation coefficient "r" was used as the 
measure of association. A summary of the correlation 
coefficients which are significant for AME(sb) are shown 
in Table 7.9 and for AME (mb) are shown in Table 7.10. 
These tables show the "r" values and the significance 
levels.
The only variable which AME(mb) is significantly 
associated with in both male and female patients is 
AME(sb). AME(mb) in female patients is also significantly 
associated with FEVi_q and V5 0 . In the never smokers 
AME(sb) was also significantly associated with AME(mb) in 
both males and females.
In male patients AME(sb) is significantly associated 
with VdA(ser), FEV^.q, V50 and V25, in addition to 
AME(mb). The significant associations for females are 
similar being VdA(ser), VdS(sb), FEV^.q, and V50 in 
addition to AME(mb).
7.6 Regression Relationships
Table 7.11 shows the predicted values for the airflow 
limitation variables of this group of patients using the 
regression relationships of other authors shown in Chapter 
6 Table 6.12. As expected the patient's volume results 
were significantly lower than predicted and the airway 
resistance results were significantly higher than 
predicted.
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Summary of the significant Correlation Coefficients 
between AME(sb) and the lung function variables for male 
and female patients.
Variable Male Female
Table 7.9
r P r P
AME(mb) 0.635 * * 0.506 *
VdA(ser) 0.423 * -0.643 k k
VdS(sb) -0.248 ns -0.596 k
FEV1.0 0.539 ** 0.676 k k
v5o 0.540 k k 0.588 k k
^25 0.532 kk 0.363 ns
Table 7.10
Summary of the significant Correlation Coefficients 
between AME (mb) and the lung function variables for male 
and female patients
Variable Male Female
r P r P
AME(sb) 0.635 k kk 0.506 k
F E V y ,o 0.168 ns 0.616 k k
v5o 0.200 ns 0.659 k k
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from my study and the predicted values using the
regression relationships in Table 6.12
Male Female
My Study Predicted My Study Predicted
Mean Mean Mean Mean
sd sd sd sd
F E V i . o  0 - 95  2 . 7 5  0 . 7 3  2 . 0 1
0 . 5 9  0 . 5 0  0 . 3 7  0 . 3 6
V50  0 . 6 3  4 . 7 5  0 . 4 8  3 . 8 9
0 . 6 7  0 . 3 5
V25 0 . 2 4  1 . 6 5  0 . 2 5  1 . 3 8
0 . 1 3  0 . 1 6
Raw 3 . 4 2  0 . 5 - 2 . 0  4 . 0 9  0 . 5 - 2 . 0
2 . 0 5  1 . 6 1
Table 7.11
Airflow Limitation Results for Male and Female Patients
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Table 7.12 show the significance levels of the gas 
mixing and airway limitation results when the male never 
smokers and patients are compared and when the female 
never smokers and patients are compared. Most of the 
variables are significantly different between patients and 
never smokers in both males and females with the exception 
of VI, and VdS in both multi-breath and single-breath.
Table 7.13 shows the significance levels of the 
anthropometric comparison between patients and never 
smokers. All the variables are significantly different 
between patients and never smokers except height and 
weight in the females.
7.7 Comparison of Never Smokers and Patients
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Gas Mixing, Airflow Limitation and Symptom Score Results 
Comparison of Never Smokers and Patients
Table 7.12
Male Female
Multi-breath
Vt * ns
Freg ** **
Min Vent * *
VI ns ns
VdS ns ns
VdA * * * *
AME (mb) ** **
Single Breath
Vt ** ns
VdS ns ns
VdA (ser) ** **
AME (sb) ** **
VdA (pll) ns *
Airflow Limitation
FEV]_ o ** **
V50 ** **
V25 ** **
Raw ** **
Symptom ** **
Score
Table 7.13
Anthropometric Data Comparison of Never Smokers and
Patients
Male Female
Age * * * *
Height ** ns
Weight ** ns
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7.8 Discussion of Patient results and comparison with 
Never Smokers
Within the present study no significant differences 
exist between the ages and weights of the male and female 
patients, although the males were significantly taller
than the females (Table 7.2).
In contrast with the never smokers, fewer variables 
of gas mixing and airflow limitation differed
significantly between the sexes. Those which did were 
Vt(mb), Min Vent, VI, VdS(mb), AME(mb) and VdS(sb). No 
variable was significantly correlated with age, height or 
weight in both male and female patients.
I have used the regression equations shown in Table 
6.12 to calculate the reference values of the airway
limitation variables for my groups of patients. As can be 
seen and as is to be expected all the variable results
differ significantly between those predicted for healthy 
subjects and my groups of patients.
Again the gas mixing indices have not previously been 
determined or published and so no comparisons with other 
authors are possible for these. However I have compared 
the results of my never smoking groups with the patients 
(Table 7.12). With the exception of VI, and VdS in both 
single and multi-breath, all the other variables are 
significantly different between patients and never smokers 
in both males and females. The problem with a direct 
comparison of the groups however is that the patients were 
significantly older in both the male and female groups, 
and in addition the male patients were shorter and weighed 
less than the never smokers. However V25 in female: never
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smokers is the only lung function variable to be 
significantly correlated with age, and so the other airway 
limitation variables and all the gas mixing variables 
could be expected to be similar in the female never smoker 
and patient groups if there was no underlying disease 
process. The males are slightly more complicated as in the 
never smokers FEV]_ # q anc* V25 are significantly correlated 
with height and age and VI, VdA, Vt(sb) and VdA(pll) are 
significantly correlated with either height or weight. As 
neither AME(sb) or AME(mb) are significantly correlated 
with age, height or weight, these two indices could again 
be expected to be similar in the two male groups if there 
was no underlying disease process. However as shown in 
Table AME(sb) and AME(mb) are significantly different 
between the never smokers and the patients.
It is possible to adjust the results of patient 
groups for age, height and weight and hence get a better 
comparison of never smokers and patients. However the main 
objective of these results is to enable a comparison to be 
made with the results obtained from my model which is 
described in the next chapter.
The significant feature of these data is the observed 
difference between the indices of mixing in never smokers 
and in patients. These indices reflect two physiological 
events- (a) the evenness of distribution of inspired gas 
down the branching airways and (b) the degree of 
equilibration of inspired gas with resident gas by the 
process of gaseous diffusion within the alveolar space.
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It seems likely, as indicated in the next chapter on 
modelling, that the single breath mixing efficiency is 
little affected by inequalities of parallel distribution, 
whilst the multi-breath value reflects both phenomena. 
Thus the impairment of AME(sb) seen in patients is 
probably due to diffusion impairment, resulting from 
anatomical derangements (reversible and non-reversible) 
within the small airways, whilst the AME(mb) suggests that 
there is little serious derangements in the distribution 
of inspired gas.
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CHAPTER
MODEL ANALYSIS
8 .1 Introduction
Impairment of gas mixing is brought about by two 
processes, a maldistribution of inspired gas into a 
parallel system, and an inhibition of diffusion in the 
gas phase, generally by an increase in diffusion path 
length and a lesser cross sectional area of contact of the 
diffusing gases.
To illuminate the possible contributuions made by 
these two processes it is possible to construct 
mathematical models in which they may be separated, so 
defining their relative contributions, using the 
experimental data previously described to make 
comparisons.
8.2 The model
The model assumes initially that the lung may be 
represented by two compartments in parallel, the size and 
ventilation being changeable at will, diffusive mixing 
being defined as complete and instantaneous. If this 
hypothesis is correct the model will yield results closely 
in accord with experiment.
8 .3 Method
The model was devised to run on an Apricot Xi 
computer, and the program was witten in Turbo Pascal and 
is shown in the apppendix. The model can be modified to 
include a common series dead space (not normally included 
in conventional modelling) as well as a diffusive 
limitation, represented as an alveolar dead space.
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The series-parallel arrangement of compartments is 
shown in Fig 8.1. The single common compartment (VdSc) 
branches into 2 parallel compartments. The 2 smaller 
series compartments represent the series dead space (VdSl 
and VdS2) and the larger ones the inspiratory alveolar 
volume (ViA = FRC - VdS). Within each ViA is the alveolar 
dead space in which mixing has not occured (VdAl and 
VdA2) . The same calculations are performed in the model 
analysis as those in the experimental nitrogen washout. 
The volumes in either compartment which can be changed are 
Vt, VdS, FRC and VdA.
The gas concentration of nitrogen at the start of the 
experiment was assumed to be 80% in all compartments , and 
the diffusion rate of nitrogen across the pulmonary 
membrane was considered to be negligible.
The single compartment representing the common series 
dead space is assumed to be of negligible volume in my 
model. The effect of a common series dead space has been 
investigated by Guyatt and Cumming (1990), see below.
Three models will be described, in all of them the 
two series dead space compartments were fixed at 50ml;
1) This model was designed to look solely at the 
contribution of distribution to the nitrogen washout 
results. For each of the model predictions there was no 
alveolar dead space- in either compartment (VdAl - VdA2 =
0), and only Vt and FRC in either compartment could be 
changed.
2) This model was designed to incorporate values of 
alveolar dead space, with equal amounts in the 2 
compartments.
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Fig 8.1 The arrangement of compartments in the model
3) This model also incorporated alveolar dead space, but 
with unequal distributions to the two compartments i.e. 
VdAl not equal to VdA2.
8.4 Review of Guyatt and Cumming Model (1990)
These colleagues investigated the effect of a common 
series dead space on the indices of AME(mb) and AME(sb). 
They used a two compartment model with a total FRC of 3000 
ml, which was divided into the two compartments of 2300 
and 700 ml. Other models were used with a different split 
of FRC but these produced similar results.
Each compartment had a fixed series dead space of 
90ml with the common series dead space varying over the 
range 0 - 150 ml in 30 ml increments. The total series 
dead space for the model (VdSc + VdSl + VdS2) ranged 
therefore from 180 to 330 ml. The total Vt was 800 + 
common series dead space i.e varying from 800 - 950 ml. 
There was no alveolar dead space in these models.
The models estimated the volume of N2 inspired breath 
by breath into each compartment by taking a proportion of 
the gas in the common series dead space and adding to it 
the gas in the unique series deadspace for that 
compartment. On expiration the concentration of the gas in 
the unique series dead space was the same as that in the 
compartment, while in the common series dead space it was 
at a different concentration produced by mixing gas from 
the two compartments in the ratio of their ventilations. 
Perfect mixing was assumed within the common dead space.
The program ran 100 times for each common series dead 
space starting with equal Vt to each side (400 ml in the 
case with no common series dead space), then increasing vt
1 20
to the smaller compartment in 2 .5ml steps at the expense 
of the other so that after 100 runs the smaller 
compartment was receiving 500 ml more than the other. For 
each of these 100 steps AME(mb) and AME(sb) was obtained. 
Ventilatory inequality was expressed as the ratio of the 
relative ventilation in the smaller compartment to that in 
the larger one. This was called the inhomogeneity ratio 
(I. R . ) and varied between 1 and 15.2. The data are shown 
in Tables A.8 .a and A.8 .b in the appendix.
The values of AME(sb) obtained varied very little. 
With zero common dead space the range was from 99.2% - 
96.2%, and with 150ml common dead space the range was from 
99.3% - 97.3%.
The values of AME(mb) obtained varied between 77.8% - 
28.8% with zero common dead space and between 82.9% -
44.9% with 150 ml common dead space.
Guyatt and Cumming found therefore that the addition 
of a common dead space has only a minimal effect on both 
efficiencies and that the common dead space acts as a 
mixing chamber, reducing the inhomogeneity of the gas 
concentration and slightly raising the values of the 
efficiencies. The changes in the common dead space used 
were much larger than those seen in man.
Bouhuys et al (1957) also found only a slight 
improvement in ventilatory efficiency on adding extra 
instrumental dead space to their nitrogen washout 
experiments.
It appears therefore that a common dead space can be 
ignored in the measurement of gas mixing efficiency and is 
not considered further.
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The three models were designed to simulate the 
experimental results obtained in Chapters 6 and 7. Table
8.1 summarises a few of these results and means obtained 
from the patients and never smokers and the model 
predictions will show if the models were able to reproduce 
them.
Table 8.1
Experimental Results from previous chapters
8.5 Results
Ident. Vtmb Vtsb FRC AMEmb AMEsb type
P1637 670 653 2890 50.4 74.0 MNS
P137 2 465 410 2760 54.1 83.4 MNS
P1381 65 6 502 1820 69.9 93.4 MNS
mean 802 811 3170 69.6 88.7 MNS
P2032 532 544 2320 37.5 71.3 MP
P2082 572 653 4370 44.8 66.6 MP
P2287 719 700 2810 29.6 54.0 MP
P2455 756 516 3820 39.2 57.0 MP
mean 669 684 3550 37.4 65.3 MP
MNS = Male Never Smoker 
MP = Male Patient
8.6.1 Model Predictions of Distribution Differences
This model was designed to look solely at the 
contribution of distribution to gas mixing efficiencies. 
Therefore there was no alveolar dead space in either 
compartment. It used a Vt of 700ml, VdSl and VdS2 of 50ml, 
and varying FRC values. Other values of Vt, VdS and FRC 
were tested and produced similar results. The results of
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the various model runs are shown in Table A.8 .c in the 
Appendix and the following figures show the AME(sb) and 
AME (mb) results for various splits of Vt. Fig 8.2 uses 
equal splits of FRC, and Figs 8.3 and 8.4 use unequal 
splits of FRC. These unequal splits are expressed as a 
ratio of FRC1/FRC2.
8.6.2 Conclusions
The conclusions can be summarised in the following 
statements:
1) AME(sb) is always higher than AME(mb), except where gas 
mixing was complete and both efficiencies are 100%.
2) If total FRC is variable but the two components of it 
are equal whilst total Vt is constant:
A) If both components of Vt are the same size 
irrespective of the size of total FRC then alveolar 
mixing efficiencies are 100% (Fig 8.2).
B) If the two components of Vt are unequal, the 
larger the difference in size the lower the alveolar 
mixing efficiencies (Fig 8.2).
3) If the two components of Vt are unequal but fixed, as 
total FRC increases then AME(mb) decreases slightly and 
AME(sb) increases slightly (Fig 8.2).
4) If total FRC is constant but the two components of it 
are unequal in size:
A) If the two components of.Vt are equal, the larger 
the difference in size between the two components of 
FRC the lower the results, with AME (mb) being 
affected much more than AME(sb) (Figs 8.3 and 8.4).
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B) When the relative size of the two components of 
both Vt and FRC are altered, the results are 
dependent on whether the small component of Vt enters 
the small or large component of FRC. AME(mb) and 
AME(sb) are lower if the small component of Vt enters 
the large component of FRC (Fig 8.4).
8.6.3 Comparison with experimental results
When this model of distribution differences is 
compared with experimental results obtained in Never 
Smokers (Table 8.1), it is seen that the model yields 
similar values of both AME(sb) and AME(mb) to some 
individual subjects (P1381), and to the average of the 
male subjects. This is only achieved with a large 
difference in the size of the two components of FRC and 
with different distributions of the two components of Vt
i.e. the smaller component of Vt enters the larger 
compartment of FRC and visa versa. This model could not 
reproduce the values of AME (mb) and AME(sb) seen in some 
individual Never Smokers (P1637 and P1372).
This model could not simulate the results seen in 
patients with airway limitation, either individual 
patients (P2032, P2287) or average values. By profoundly
changing distribution of ventilation and FRC compartment 
size, a low value of AME (mb) can be obtained but the 
values of both AME(sb) and AME(mb) seen in patients 
cannot be reproduced by the parallel ventilation 
hypothesis alone. Therefore a new model was developed 
which incorporates VdA, firstly using an equal split of 
VdA and secondly using an unequal split.
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Fig 8.2
Model output of distribution difference only, with equal FRC, 
unequal Vrs.
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V t= 350 ,3 50  —«—  V t=400 ,300  V t= 500 ,2 00  - e -  V t= 600 ,1 00
Fig 8.3
Model output of distribution difference only, with unequal FRC’s, 
unegual Vrs. Small component of Vt into small component of
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Fig 8.4
Model output of distribution difference only, with unequal FRC’s, 
unequal Vrs. Smalf component of Vt into large component of
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8.7.1 Model Predictions when equal values of alveolar dead 
space are inserted
This model used equal components of VdA with VdSl and 
VdS2 both equal to 50ml and varying FRC and Vt values. The 
results of the various model runs are shown in Table A.8 .d 
in the Appendix and the following figures show the AME(sb) 
and AME (mb) results for the various splits of Vt and FRC. 
Figs 8 .5 and 8.6 show equal splits of Vt and FRC and Figs
8 .7 and 8.8 show unequal splits.
8.7.2 Conclusions
1) If both components of FRC and both components of Vt are 
equal:
A) With Vt and FRC constant, as VdA increases both
AME(sb) and AME(mb) fall (Figs 8.5 and 8 .6 ).
B)With a constant VdA, the values of AME(sb) and 
AME (mb) are similar. If Vt and VdA are constant, as 
total FRC increases both efficiencies fall slightly, 
but if FRC and VdA are constant and total Vt 
increases the reverse occurs and both efficiencies 
increase (Figs 8.5 and 8 .6 ).
2) If the two components of FRC and Vt are not equal:
A) With constant VdA, if the two components of FRC 
are equal and constant, as the difference in size 
between the two components of Vt increase, AME(sb) 
and AME (mb) both decrease. If the two components of 
Vt are equal and constant, as the difference in size
between the two components of FRC increases, AME(sb)
and AME(mb) again both decrease. In both cases 
AME(mb) falls more than AME(sb) (Figs 8.7 and 8 .8 ).
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VdA in each compartment (ml)
- n -  FRC= 1000,1000 — FRC=2000,2000 FRC=3000,3000
Model output of equal VdA, with no distribution difference of Vt or
FRC.
120
Vt=300,300 — Vt=400,400 - * * -  Vt=500,500 j
W  m £  . -Model output of equal VdA, with no distribution difference of Vt o 
FRC.
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VdA in each compartment (ml)
VdA in each compartment (ml)
Vt=350,350 — Vt=300,400 Vt=200,500
Fig 8.7
Model output of equal VdA, equal FRC and unequal Vt’s.
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VdA in each compartment (mi)
VdA in each compartment (ml)
■*- FRC=2000,20Q0 — FRC=1500,2500 — FRC=1000,3000
I •  TW-M "*• M g
Model output of equal VdA, equal Vt and unequal FRC.
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B) If the two components of FRC are equal and 
constant but the two components of Vt are not equal, 
an increasing VdA produces a decrease in both AME(sb) 
and AME (mb). If the two components of Vt are equal 
and constant, but the two components of FRC are not 
equal, an increasing VdA again produces decreasing 
AME(mb) and AME(sb) (Figs 8.7 and 8 .8 ).
8.7.3 Comparison with experimental results
The incorporation of VdA into the model enables it 
to simulate results comparable to those obtained by 
experiment in Never Smokers. This can only be achieved 
with a large difference in the size of the two components 
of FRC or with different distributions of Vt to the two 
components. This model can also simulate results obtained 
by experiment in patients. This is only achieved with 
either an extreme difference in the distribution of Vt 
components into equal small FRC components, or with a 
combination of differences in the two components of both 
Vt and FRC.
8.8.1 Model Predictions when unequal values of alveolar 
dead space are inserted
This model used unequal components of VdA with VdSl 
and VdS2 both equal to 50ml and varying FRC and Vt values. 
The results of the various model runs are shown in Table 
A.8 .e in the Appendix and the following figures show the 
AME(sb) and AME(mb) results for the different values of 
FRC and Vt (Figs 8.9, 8.10, 8.11, 8.12 and 8.13).
8.8.2 Conclusions
1) If both components of FRC and both components of Vt are 
equal:
A) With Vt and FRC constant, and one component of 
VdA zero, as the other component of VdA increases 
both AME(mb) and AME(sb) decrease (Fig 8.9).
B) When Vt is constant, and one component of VdA is 
zero and the other component is 50ml, AME(mb) and 
AME(sb) fall slightly as total FRC increases (Fig 
8 . 1 0 ) ,
C) When FRC is constant, again with one component of 
VdA zero and the other component 50ml, AME (mb) and 
AME(sb) increase slightly as total Vt increases (Fig 
8 .11) .
2) If the two components of FRC and Vt are not equal:
A) With the two components of FRC equal and constant, 
total Vt fixed and one component of VdA zero and the 
other component greater than zero but fixed, as the 
difference in size between the two components of Vt 
increases, AME(mb) and AME(sb) decrease. The actual 
values of both efficiencies are less when the smaller 
component of Vt enters the compartment with the 
larger component of VdA (Fig 8.12).
B) With the two components of Vt equal and constant, 
total FRC fixed and one component of VdA zero and the 
other component greater than zero but fixed, as the 
difference in size between the two components of FRC 
increases AME(mb) and AME(sb) decrease. The actual 
values of both efficiencies are smaller when the 
larger component of VdA is contained within the 
larger component of FRC (Fig 8.13).
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VdA2 (ml)
F R C =  1 0 0 0 ,1 0 0 0  V t= 3 5 0 ,3 5 0  
120-1-----------------------------------------------------------------
0  r—  • - r - i
0 50 100 150 200 250
VdA2 (ml)
| VdA1 =0 !
i !
Fig 8.9
Model output of unequal VdA’s, with no distribution difference of 
Vt or FRC.
1 35
total FRC (ml)
total FRC (ml)
VdA1 =0,VdA2=50
Fig 8.10
Model output of unequal VdA’s, with equal Vt and varying equal 
FRC.
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100-
40-
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600 800 1000 
total Vt (ml)
total Vt (ml)
VdA1=0,VdA2=50
Fig 8.11
Model output of unequal VdA’s, with equal FRC a n d  v a ry in g  e q u a l
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Fig 8.12
Model output of unequal VdA’s, with equal FRC and unequal Vt’s.
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Fig 8.13
Model output of unequal VdA’s, with equal Vt and unequal FRC’s.
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C)If the two components of FRC are equal and 
constant and the two components of Vt are fixed but 
not equal, with one component of VdA zero, increasing 
the size of the other VdA component produces 
decreasing AME(sb) and AME(mb). If the situation is 
reversed with the two components of Vt equal and
constant, the two components of FRC fixed but not 
equal, one component of VdA zero, an increase in the 
other component of VdA produces an decrease in both 
efficiencies.
8.8.3 Comparison with experimental results
When VdAl does not equal VdA2 the model can also 
predict the experimental results seen in Never Smokers and 
patients. As before this can be achieved by a difference 
in Vt distribution or a size difference in FRC
components. However it can also be achieved by having an 
unequal split of VdA whilst keeping both components of Vt 
and FRC equal.
8.9 The use of the model to investigate the behaviour of 
the slope of the alveolar plateau during nitrogen washout.
The current explanation for the genesis of the slope 
of the alveolar plateau is that it arises from differing 
concentrations in different regions of the lung which 
empty at different rates during expiration. This
circumstance arises by conceiving within the lungs areas 
which have differring time constants. A time constant
being the product of an airway resistance to a region (R) 
and the compliance (C) of the region served by that 
airway. This phenomenon produces both concentration 
differences, (since the rapidly expanding regions take
1 40
more of the inspired volume and the slowly responding 
areas- less) and different emptying rates during 
expiration.
During expiration the rapid areas empty first and the 
slow ares later, thus forming the alveolar plateau.
It is possible therefore, from a simple two
compartment model, to generate such a plateau, but a 
difficulty first arises. If the two compartments empty 
simultaneously the no slope will result, whilst if the 
first part of the slope comes entirely from the fast 
compartment and the last part entirely from the slow, the 
the slope will be maximal and be expressed by the 
difference in concentration between the compartments. 
Since it is not possible to know how admixture occurs, it 
is possible to explain any slope from zero to maximal, a 
circumstance which is not very helpful. There is however a 
test which circumvents this difficulty as well as adding a 
further framework of reference and that is to let the 
model perform a nitrogen washout, measuring the slope at 
each breath. If the concentrations produced in the two 
compartments are used to define the magnitude of the 
slope, it is far greater than that observed in normal 
subjects. It is possible to constrain this value in the 
first breath to one similar to that seen in normal 
subjects. Thus the model slope and the normal 
subject slope begin the washout at the same concentrations 
and produce the same slope. The subsequent behaviour of 
the slope during washout is shown in Fig 8.14 and it will 
be seen that the two curves bear no resemblance and it 
must be therefore concluded that the time constant
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Fig 8.14
Change in model alveolar slope during washout.
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hypothesis as applied in this case is falsified. 
Increasing the number of compartments does not 
significantly change this behaviour, so that the model 
must be modified in some, as yet unspecified way or the 
concept of parallel time constants must be rejected. There 
is one further piece of evidence which throws doubt upon 
the hypothesis and that is the time constant for the lung 
as a whole- with a resistance of 2 and a compliance of .15 
(cgs units) a time constant of 0.33 is found, so that time 
constants for the whole lung would only become important 
at breathing rates in excess of three per second or 180 
per minute. Given that the bulk of airway resistance lies 
just below the vocal cords and that dividing airways are 
connected in parallel it seems unlikely in numerical terms 
whether a time constant of less than 0.05 could eventuate, 
and consequently that time constants can play any 
significant role at normal breathing frequencies.
8.10 Inferences from the model
The significance of decay curves in distinguishing 
between inequalities of distribution and diffusion 
limitation is exemplified in Figs.8.15-8.18. A single 
model is used in all four cases and has a lung volume of 
4000ml. a tidal volume of 700ml. a Vds of 100ml. and, 
where appropriate, a VdA of 200ml. Fig 8.15 shows a decay 
curve with unequal distribution only and indicates an 
AME(sb) of 98% and an AME(mb) of 84%.
When distribution is equal, but diffusion limitation 
is present, the decay curves of Fig 8.16 are obtained, and 
this shows that the values for the two variables are 
identical, and indeed remain so throughout the washout.
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DECAY CURVE FROM MODEL
DISTRIBUTION INEQUALITY ONLY
Number of Turnovers
Fig 8.15
Decay curve from model with distribution inequality only.
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Fig 8.16
Decay curve from model with equal VdA’s.
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Number of Turnovers
Fig 8.17
Decay curve from model with unequal VdA’s.
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Number of Turnovers
Fig 8.18
Decay curve from model with unequal distribution and unequal 
VdA’s.
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Fig 8.17 shows the effect of diffusion limitation which is 
unequal in the two compartments whilst Fig 8.18 shows the 
results when both phenomena are present simultaneously.
When the data from never smokers is considered, it is 
possible by appropriate selection of ventilatory 
inequality, to reproduce in the model values of AMA(sb) 
which are identical to those found in the normal subjects, 
but when the values for AME(mb) are computed for the same 
model the values are far too low. Conversely, when the 
model is chosen to give correct values for AME (mb), the 
the values for AME(sb) are far too high.
It is not possible therefore, using ventilatory 
inequality only, to devise a model which explains at the 
same time both values for the efficiency, the only way in 
which this is possible is to include a component of 
diffusion limitation.
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CHAPTER
THE SLOPE OF THE ALVEOLAR PLATEAU
9.1 Introduction.
The concentration of all gases observed during 
expiration exhibits a change during its course carbon 
dioxide slopes upwards as does Nitrogen, whilst oxygen 
slopes downwards. The direction of slope is determined by 
whether the gas is washing out of the lungs (C02 and N2) 
or washing in (0 2 ).
The gas concentration and its slope is evidence of 
events occurring within the lung during inspiration and 
this slope has been attributed to a variety of origins in 
an attempt to model these events.
There is now general agreement that these can be 
narrowed to two mechanisms - the distribution of inspired 
gas along parallel pathways, and its mixing by diffusion, 
mainly along serial pathways.
In order to assess quantitatively the role played by 
the two mechanisms a variety of modelling techniques have 
been employed, and it is the purpose of this chapter to
apply one not previously used. Thus it will be assumed
that parallel distribution plays no role at all, and that
the whole slope represents an incomplete diffusion 
equilibrium. The experimental data will then be examined 
on this basis to ascertain whether the hypothesis is 
tenable or whether it is inadequate to explain the 
observed results. Given that all observed data is 
adequately explained by the model, then the hypothesis 
that alveolar slope is entirely due to incomplete
diffusion will remain unfalsified.
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Ficks Laws of diffusion apply both to the mixing of 
gases and to the conduction of heat and it is helpful to 
consider the conduction of heat along a linear metal bar 
and apply these considerations to gaseous diffusion in the 
lung.
Let a metal bar of length 1 and cross sectional area 
A have a temperature at one end of T2, higher than the 
temperature at the other end T1. Under steady state 
conditions the Quantity of heat passing in unit time (the 
Flux) is given by;-
Q/t = DA/(T2-T1/1) 
where D is the conductivity of the metal.
To apply this equation to the lung it is required to 
know the quantity T2-T1/1, and this is unknowable. However 
T2-T1 is the slope and 1 is the linear distance, the 
former being a function of the alveolar slope whilst 1 is 
a function of the anatomy of the individual and for that 
individual may be replaced by k, an unknown variable. 
Since the relationship between linear distance and volume 
is constant in a particular individual it is valid to
consider slope in relation to volume rather than in
relation to distance. Similar considerations apply to A, 
the cross sectional area of the stationary interface, 
values being incorporated within the same k.
The Flux of gases may be measured by knowing the
quantity of indicator gas contained within the expirate, 
and also knowing the time during which diffusion 
continues. Diffusion begins as soon as the stationary
interface is established and continues throughout
9.2 The theoretical basis.
ISO
inspiration and also during expiration, though at a lesser 
rate. It is clear that when gas has passed the lips during 
expiration, then it can play no further part in the 
diffuson process, so that some arbitrary point in time 
during expiration must be selected at which it is assumed 
that diffusion is substantially complete. This point has 
been taken as one third way through the expirate. Thus the 
time used to compute Flux is the inspiratory time plus one 
third of the expiratory time. Since the constant variable 
k is involved, it is likely that comparison between 
individuals will be non-valid, but comparisons within an 
individual for the three ventilatory gases will remain 
valid.
The value of the slope, (the equivalent of T2-T1) 
also requires computation. The shape of the alveolar 
plateau is not linear but falls progressively during 
expiration so that selecting an equivalent slope poses a 
problem, To resolve this in an appropriate fashion the 
following device was adopted - the end expiratory 
concentration clearly represents T2, and in order to 
create a linear function corresponding to the conditions 
in the metal rod, the mixed alveolar value was used, 
measured at mid expiration, and computed from the value of 
the quantity of gas expired. Thus the difference between 
end expiratory and mean alveolar was found and applied to 
the expired volume between the mid point and end 
expiration. The quotient thus represented the slope per 
100ml. of expirate, this slope being linear and an average 
representation of the information contained within the 
expired curve.
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The passage of heat down the metal bar may be 
considered in terms of an electrical analogy,(Ohm's Law) 
where the voltage, or pressure is given by the temperature 
gradient (alveolar slope) the current by the Flux and the 
resistance by the thermal conductivity and its geometric 
variables(length and cross section)
Thus the resistance offered by diffusion in the lungs is 
given by:-
R = k x slope/flux 
or, in terms of a conductance
G = k x flux/slope 
If the hypothesis discussed in this chapter is 
correct then the conductances for all gases should be 
identical, but only after their individual diffusion 
coefficients have been taken into account
This correction may be made on the basis of Grahams 
Law, which states that diffusion rate is inversely 
proportional to the square root of molecular weight.Thus, 
if the conductance for nitrogen is taken as unity, that 
for carbon dioxide will be less by the ratio of the square 
roots of the molecular weights or -
Since T4A/j28~ - 1.25, and for oxygen J32/J2B = 1.07 
then the conductance for C02 must be multiplied by 0.8, 
and that for oxygen by 0.935, giving the value G(d), the 
conductance corrected for gaseous diffusivity.
Therefore, when the following equations are applied 
to experimental data, the model being appropriate, all of 
the conductances within an individual should be identical 
for the hypothesis of this chapter to remain unfalsified.
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For nitrogen G(d) = flux/slope per 100ml.
For Carbon Dioxide G(d) = flux*0.8/slope per 100 ml.
For oxygen G(d) = flux*0.935/slope per 100 ml.
9.3 The experimental data
Data was obtained from the standard procedures of 
wash-out already described in four normal subjects and in 
five patients with chronic lung disease. The data was 
smoothed by the running average technique using five 
points per computation.
9.4 Results.
The conductances for nitrogen show a fall until about 
ten breaths and then stabilise, whilst the values for C02 
and 02 were stable throughout the washout process. Fig 9.1 
shows a characteristic graph of the how the three 
conductances vary with time.
In order to obtain mean figures, the conductances 
obtained from the last ten breaths of a twenty breath 
washout have been computed and these results are shown in 
table 9.1.
9.5 Discussion
The change of conductance for nitrogen during the 
initial course of the washout point to the first defect in 
the model, which requires a steady state condition, whilst 
nitrogen is in a continuously changing state. However, 
when the fluxes of the three gases are similar, in the 
later stages of washout this condition is more nearly met, 
However, the evolution of carbon dioxide and the uptake of 
oxygen is more nearly a steady state process, and the 
values within individuals are similar for all three gases 
in the second half of the washout. The agreement is not,
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Mean Conductance Values for Nitrogen, Carbon dioxide and 
Oxygen during breaths 11-20 during Nitrogen Washout
Conductance Values
Table 9.1
Identifier N2
mean
sd
C02
mean
sd
02
mean
sd
Never Smokers
P 1391
P1519 
P1549 
PI 6 25
12.9
2.5
10.7 
1.8
56.2
9.5
10.0
1.6
Chronic airway disease patients
P 388
P 602
P 889
P1709
P2455
26.2
3.3
21.3 
1.8
23.5
1.5
59.4 
11.7
1 4 . 0
0 . 4
45
5
10
2
37
3
10.8
1.1
40
4
25
3
30
1
56
10
27
2
29
3
14
3
27
4
15.4
0.8
37
4
27
2
35
4
41.5
8.5
2 1 . 3
0 . 9
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however sufficiently good as to believe that the values 
are identical and so to conclude that the hypothesis 
stands.
What is impressive about the experimental data is the 
extreme variability of the values for conductance between 
subjects, one normal having a value of about 10, whilst a 
patient with chronic lung disease has a value of nearly 
sixty, the exact opposite of what might be expected. A 
study of the data from these subjects shows that the 
important variable is the flux, and that the important 
determinant of flux is time, since the volume of gas 
contained in the expirate is determined with some 
accuracy. It is clear that if two subjects with the same 
carbon dioxide output breathe at rates differing by a
factor of two, then the fluxes will show this same
difference. The assumption is made in the model that
diffusion continues for the specified time, whereas it is 
clear that equilibrium could be established, followed by a 
breath-holding period which would falsely diminish the 
flux. This observation, coupled with the contribution of 
the constant k which is certainly different in different 
individuals, implies that the concept of diffusive 
conductivity as here defined has little to offer in 
comparison between individuals, and hence is not
clinically relevant. It is possible that further 
modification of the model may produce more encouraging 
results, but the task appears to be somewhat difficult.
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The experimental data shown in this chapter is 
inadequate in terms of the model of diffusion presented to 
permit of any conclusion in regard to the hypothesis 
offered, but it is valid to conclude that the role of 
diffusion in the generation of the alveolar slope cannot 
be excluded by the use of the model. The investigation 
points the difficulties of modelling a physiological event 
of some complexity using a physical model requiring 
clearly defined boundary conditions which cannot be 
reproduced experimentally. There is a need to study the 
influence of breathing patterns, to increase the sample 
size studied and perhaps to use many different gases of 
different molecular weight in order to further explore the 
relative importance of diffusion and convective mixing.
9.6 Conclusion
CHAPTER
DISCUSSION AND CONCLUSIONS
Mixing of inspired gas with that present in the lung 
began to be studied early in the nineteenth century, when 
Humphry Davy was the first to use an inert gas as a tracer 
to calculate his own lung volume. In 1917 Krogh and 
Lindhard first proposed that the gradual rise in the 
concentration of nitrogen in the alveolar plateau of the 
single breath was due to gas mixing in the lung not being 
entirely uniform. This series inhomogeneity was due to 
gaseous diffusion being incomplete within the respiratory 
cycle time.
In 1946 Rauwerda expressed the alternative 
explanation of regional inhomogeneity where inspired gas 
is unevenly distributed to parallel units of the lung. He 
thought that diffusion in the lungs was sufficiently rapid 
to eliminate a concentration gradient along pulmonary 
pathways. The development of rapid gas analysers gave 
rise to a multitude of physiological and clinical studies 
which continued the debate about the processes which give 
rise to the alveolar slope. In addition numerous models 
aimed at simulating the physiological studies have been 
proposed.
The debate continues about how gas mixing impairment 
is brought about. This thesis sought to illuminate the 
contributions made by both regional and series 
inhomogeneity to this impairment. This was done by 
investigating single and multi-breath AME in Never Smokers 
and Patients with chronic airway disease and by the use of 
mathematical models.
Study 1 examined the reproducibility of AME(sb) and 
AME (mb) and was a repeat measurement design. The same 
subjects were tested once at the same time of day over a 
number of days. The standard deviation in normal subjects 
over 7 tests was 5.0% for AME (mb) and 3.8% for AME(sb) . 
In patients with chronic airway disease over 5 days the 
standard deviation was 3.1% for AME (mb) and 3.9% for 
AME(sb). The results showed that both indices of alveolar 
mixing efficiency were reproducible in normal subjects and 
in patients with chronic airway disease.
Study 2 was a cross-sectional and longitudinal survey 
aimed at establishing the values of the gas mixing 
variables in never smokers. No difference in AME(mb) or 
AME(sb) was observed between male and female never 
smokers.
Study 3 was a cross-sectional survey to establish the 
values of gas mixing variables in patients with chronic 
airway disease. Although the male patients were
significantly older, shorter and lighter and the female 
patients were also older than the never smokers, neither 
AME(sb) or AME(mb) were significantly correlated with age, 
height or weight so a comparison between never smokers and 
patients could be done. AME(mb) and AME(sb) were both 
significantly lower in the patients than in the never 
smokers.
Chapter 8 proposed a two compartment parallel model 
of the lungs with the hypothesis that a maldistribution of 
inspired gas into this parallel system alone could yield 
results closely in accord with experiment. This
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hypothesis was falsified, the only way both values of 
alveolar gas mixing efficiencies could be reproduced was 
to include a component of diffusion limitation.
Chapter 9 put forward the alternative hypothesis, 
that the alveolar slope is the result entirely of 
diffusion limitation. Another model was developed but 
this was inadequate to permit any conclusion with regard 
to the hypothesis. It is possible that further
modification of the model may produce more encouraging 
results, or it may be possible to conduct experimental 
nitrogen washouts on subjects in which the tidal volume 
and breathing frequency are fixed so that there is no 
variation between individuals.
In conclusion, it appears from the work presented in 
this thesis that gas mixing impairment is brought about 
not just by regional inhomogeneity but that diffusion 
plays the most significant role in the generation of the 
alveolar slope, more especially in diseased lungs.
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QUESTIONNAIRE ON RESHRATORY SYMPTOMS (1966)
(Approved by Medical Research Council's Committee oo Research Inlo Chronic Bronchitis)
Ikfciit ating thJi qacnioutuvt the booklet of fnltructionl should be m i
D.r Mootb
SURVEY OR H OSPITAL NUMBER
NAME
(Surname)
(First names)
ADDRESS
Date of interview 
Date or birth
Sex
GviJ state
Standing height (cm) 
Weight (kg)
M
• J
M W
Occupation .................
Race ..........................
Name of Interviewer
Use the actual wording of catb question. Tut X in appropriate square utter each question. When in doubt record ’Nit*. 
'  «
PREAMBLE I am going to ask you some questions, mainly about your chest. I should like you to answer 
'VF.S' or 'N O ' whenever possible.
COUGH
I. D o you usually cough first thing in the morning ]on gening up*] in the winter?
Count a rouph with first smote or on first go in f  out of doort Exclude cfcarinp throat or 
a tingle cough
3 . Do you usually cough during the day— or at night— in the winter? ...
Ignore an occasional cough
II 'N o ' to both question) I and 3, (0 to question &.
If 'Yes’ to cither qon lioo I or 3:
5 . D o you cough like this on most days Jot nights*] for as much as three months
each year?
PH LEGM
6. D o you usuallj bring up any phlegm from your chest first thing id the morning
(on getting up*] in the winter?
Count ph.'ejm with the first rraolr or on Best going out of doon Exclude phlegm from 
the nose. Count rw allowed phlegm
8. D o you asuallj bring up any phlegm from your chest during the day— or at
night— in the winter?
Accept m ice  or more
It 'N o ' to both quettiooi 6 and S. to to question tia.
If 'Yes' to either qocttioo < or 8:
1 0 . D o  you bring tip phlegm like this on most days [or nights*] for as much as three 
m onths each yeerr ...
* For rvbjerts who norl hj- night
□  D
Yes No
□  □  
Yes No
□  □ □  
Yet No S Jt.
□  □  
Yes No
□  □  
Yes No
□  ID □
Yet No N-A-
Page 2
131. In the p u t three years have you had a period of |increased‘ ) cough and phlegm 
lasting for three weeks or more?
XI *No* lo qatldoD jaa, f  o to qurttion 93.
II *Y«»* to qor«tJoo 1 10 :
tab/c.H ave you bad more than one such period?
* for  subjects who usuall) bate phlegm.
13. Have you ever coughed up blood?
II 'N o ' to quettioo 13 , f  o to question 14a.
II 'Y et' to question 13 ;
13a, Was this in the past year?
BREATHLESSNESS
14a. Are you troubled by shortness of breath when hurrying on level ground or 
walking up a slight hill?
11 rK o' to qocttioo 14a. (o  lo qocttiou 1 Sa­
i l  'Y «l" to question 14»:
14b. D o  you get short of breath walking with other people o f your own age on level 
ground? .. .
II 'N o ' to question 14b, to  to question 15a.
II ‘ Yes' to quettioo 14b:
14c. D o you have to stop for breath when walking at your own pace on level ground? 
f  Disabled I to m walking by any conditions other than heart or lung disease
No
Yei— 1 period
Yet— J or more 
periodt
No
Yes— in past year
Yc>— not in pat!
year
Disabled f
No—a.
No— b.
No—c. 
Yes— e.
W H EEZIN G
15a. Doc* your chest ever sound wheezing or whistling?
II 'N o ' to question 15a, 10 to quriiinn 16a.
II 'Yet' lo qoettioo 15a:
15b. D o you get this most days— or nights? ...
16a. Have you ever had attacks of shortness o f breath with wheezing?
II ‘No* to question »6a, (0 to qnrstion 17 .
II ’ Yet' to question t6a:
16b. Is/w as your breathing absolutely normal between attacks? ...
W EATH ER
17 . D oes the weather affect your chest?
On I) record 'Yes' i l  adverse weather definitely and regularly causes chest symptoms. 
11 ’N o ’ to quettioo 17, to  to quettioo 18.
II ‘ Yet' to question 17 :
17a. D ocs the weather make you short of breath?
No
Yr\, but not nunt 
dais (ur nights)
Yes, most days 
[or ni&htsj
N o attacks
No
Yea
Ye.
No
1 7b. Specify type of weather, e g fog, damp, cold, heat, otber 
for  coding see instructions (jvi^r 9|
13
□
NASAL CATARRH
l8. D o you ucutll) have a stuffy nose or catarrh at the back of your nose in the I I f j
winter? .. . .. . .. . .. . ... ... .. . ••• L -J  “i ct No
i a
 □ □
» 4
19. Do you have this in the summci?
II 'N o' to both questions 18 nod 19, t °  10 question 1 1 .
II 'Yes' 111 either question 18 or 19: 
ao. D o you have this oo most days for as much as three months each year?
C H E S T  IL L N E S S E S
31. During the past three years have you had any chest illness which has kept you 
from your usual activities for as much as a week?
II 'N o ' to question 31, to  to question 31 ,
II ‘ Yes’ to question 3 it
3ta. Did you bring up more phlegm than usual in any of these illnesses? ...
It ‘N o’ to question 3ia, to to question 33.
II 'Yes' to question 3 tat
3 1 b. How many illnesses like this have you had in the past three years? ...
□  □ b
Yci No N.A.
M
*5
16
A. 4 - 3
17
No
I illness
7 or more 1 I
illDcuei [__J 4
HAV E Y O li EVER HAD :
32. An injur) or operation aflecting 
your chest? □
IB i
23- Heart trouble?
□
19 t
2-4 Bronchitis?
□
20 *
25- Pneumonia?
□
31 *
26. Pleurisy?
□
22 *
* CoJr : O s no; 1 =  c u  e; 2 = m  ice  . 9  i. nit.f tu r m 'i f
}  Code: 0 ~ noi I \ f t
G n* re'ct'ant dttad* aftet ra th  ponm v aniU 'tt
27- Pulmonary tuberculosis? ... p i t
2 8 . Bronchial asthma?
29 Emphysema?
■
3°. Hay I"evef? .. D - t
3 1 - Other chest trouble?
32 Bronchiectasis'’ □
A D D IT IO N A L  C L IN IC A L  Q U E S T IO N S
T fu it  rnu»t ht a'ked b rfo tt ih r  guuuprts on ivnefcinf and occupation
Y e s  N o  
P e p t i c  U l c e r ?  | | | |
G . P . ' s N a m e  
G . P * * s A d d  re s s
O C C U P A T IO N
Record on dolled imei number of /run in 
which luhjff* hof u orlcd in on, of thetr 
induilrirl
38. Have you cvct worked in a 
dusty job?
39. Al a coalmine  □  □
Yes No
1 2
40. In any other mine .................. I C
Yts No
I 2
41. In a quarry ................................  Q  D
Yes No
1 2
42. In a foundry . .. ............................ □ □
Y es No
1 2
43. In a pottery .................................  | [ |
Y'ci No
I 2
44. In a cotton, flax or hemp mill | [ | [
Y‘cs No
1 2
45. With asbestos  ......................... | 1 | [
Yes No
1 2
46. In any other dusty job .. .............. □  □
Yes No
47t. Have you been exposed rcgu 
larly to irritating 
c is  or chemical 
fumes?
It 'Yes', ( I n  details ol 
neturr and duration
36
37
38
39 I
40
41
42
43
Yes
47 a and b 
No
47 l  and b
Yes
47.
N o
47b
47b. Have you ever been off work 
lor a shift or longer 
following acute ex­
posure to gases or 
fumes? ............... .
No
47a
Yes
47b
Tige 5 
46
□  . 
□  .
□  s
If Tes*, five details of 
nature and duration
44 45
□  □
It 'Yes’ , ir»eeils .............................
Total nutnlxrr of years in dusty
job? ...................................
A D D IT IO N A L  Q U E ST IO N S ON S P E C IA L  RISKS OR EXPO SU R ES 
EXTRA TOBACCO SMOKING QUESTIONS (Yes = 1. No -  2)
Do (did) \ou usually smoke plain (=1) or filler lip (=2) cigarettes?
Do (did) jou smoke hand-rolled cigarettes?
What hrands do (did) you usual!) smoke?
Have >ou been cutting down your smoking over the past year?
How long have you been smoking your present tar band?
EXTRA EXPOSURE QUESTIONS (yes = 1. No = 2)
Are you exposed to any cigarette, cigar or pipe smoke?
At Home 
At Work
Approximate no. of firs, total exposure [ ]
□
□
□  □ □  
□
□  T«.
□
□
A. 4 - 4
P*ge 4
TOBACCO SMOKJNG
35a. D o you smoke?
Record 'Yes' If regular smoker (os 
drfirW  in question 35b) up lo one 
month ago.
11 *N o'to quettioo 3 J» , »tk 
q uettioo 35b.
II ‘Ye*’ to quettioo JJ»:
D o you inhale the smoke?
W ould you S3y you inhale the 
smoke slightly (S), moderately 
(M ), deepiy (D )? ...
How old were you when you 
started smoking regularly?
How many manufactured cig­
arettes do you usually smoke 
per day?
How much tobacco (oz /g*  do 
you usually smoke pet week in 
hand-rolled cigarettes?
How much pipe tobacco (o z /g ) 
do you usually smoke per 
week?
How many cigars do you 
usually smoke per w e e k ?
Sped!) latge (Lt or small (S).
□  □
Yet No
□  □
Yes No
□  □ □  
S  M  D
. .. ..  years old
. per working 
d»)
11 weekends
3 5b. Have )o u  ever smoked a* much 
*s one cigarette a day [or one 
ounce of tobacco a mouth] for 
as long as a year?
I I  'N o ' to qocttioo 35b, j o  to 
q u ettio o  38.
I I  'Y e t ‘  to q n rttin o  3 J b :
H ow old were you when you 
started smoking regularly?
How old were you when you 
last gave up smoking?
How matt) manufactured cip- 
atertcs per day were you smok­
ing before you gave up?
How much tobacco (oz/g^ per 
week we.-e you smoking in 
hand-rolled cigarettes before 
you gave up?
How much pipe tobacco (o z /g ) 
per week were you smoking 
before you gave up?
How many cigars per week 
were you smoking before you 
gave up?
Specify large (I t pr yrttitll IM
□  □  
Yet No
Jean  old 
)eart old
... pet working 
da}
.. it weekends
C O D IN G  FOR SMOKJNG HISTORY
Relate coding refer lo Jntlrurtioni. 
Smoking history
Never tmoked
A . 4 - 5
Ei-nnoker
Presrnt smoker 
inhale
docs not
Ftesent smoker —  inhales 
slightly .. .
Present smoker —  inhales 
moderately
Present smoker —  inhales 
deeply
38
- □
39T ype of smoker
Cigarettes only 
Pipe only 
Cigars only 
Cigarettes and pipe/cigars ... j J
Cigars and pipe ... ... [ j
 □Non-smoker
Amount smoked per day* (iverage 
including weekends)
Cigarette tobacco: 3 °
Nil .....................
- □
> -4  B ............................
- □
5 - M B ............................
- □
U - 3 4 B ............................
- □
35  g or marc
- □
Pipc/cigar tobacco: 3 *
Nil .....................
1-4  g ...
5 - M  g .....................
* 5 - 3 4  8 ............................ . . .  n
25 g or more
* 1 02 ol pipe tohacco =  28 cigarettes
1 small cigar =  J c ip n trn cr
1 large cipiir r- f i i p u t e i i e i
Age started C*>-tr X X 3 2 3 1
(years) «' * ?ou'tmokcr
□  □
Age stopped '*Y
o « r s >  i v r r " '
3 4  35
n n
A . 4 - 6
MRC Questionnaire on Respiratory Symptoms
SCORING SHEET FOR RESPIRATORY SYMPTOMS
For symptoms of cough (Possible maximum score 3)
Table A.4 .a
Ans. Score
Do you cough first thing in the morning? Yes 1
No 0
Do you cough during the day? Yes 1
No 0
Do you cough like this on most days Yes 1
for as much as 3 months of the year? No 0
For symptoms of phlegm (Possible maximum score 3)
Do you bring up phlegm from your chest Yes 1
first thing in the morning No 0
Do you bring up phlegm from your chest Yes 1
during the day? No 0
Do you bring up phlegm like this on most Yes 1
days for as much as 3 months of the year? No 0
For symptoms of breathlessness (Possible maximum score 3)
Are you troubled by shortness of breath when Yes 1
hurrying along level ground or walking up a No 0
slight hill?
Do you get short of breath walking with other Yes 1
people of your own age on level ground? No 0
Do you have to stop for breath when walking at Yes 1
your own pace on level ground? No 0
For symptoms of wheeze (Possible maximum score 2)
Does your chest ever sound wheezing or No 0
whistling?
Yes but not 
most days 1
Yes most days 2
The maximum possible score for Respiratory Symptoms on any one 
occasion would be 11 (eleven).
A.5-
Table A .5•a
"Normal Subjects" Multi-breath Vt
Visit Number
Subj ect
1 2 3 4 5 6 7
P1496 1703 7 9 2 798 1201 1 084 1125 1370
P1497 492 4 6 5 381 482 40 1 430 433
P1498 744 858 83 2 844 647 870 917
P1499 525 5 1 7 595 561 604 590 666
P1500 50 9 521 55 6 466 540 569 541
PI 501 875 861 690 907 1092 753 917
P1502 653 5 6 3 608 614 570 563 565
P1503 999 866 776 753 709 622 673
P1504 510 530 438 406 488 471 406
P1505 938 708 931 780 843 623 828
P1507 706 723 703 774 712 684 695
P1508 554 537 420 480 531 498 490
P1509 680 760 739 6 14 672 650 698
P1510 768 1 0 1 4 800 618 679 668 644
P15H 1 240 IO67 1296 1404 863 876 860
P1512 694 586 456 477 485 431 467
Table A.5*b
"Normal Subjects" Multi-breath VI
Visit Number
Subject
1 2 3 4 5 6 7
P1496 1 . 1 1 1.47 1.49 1.35 1.23 1.45 1 . 4 2
P1497 1 . 2 8 1 . 6 1 1.31 1.39 1 . 0 0 1.37 1.37
P1498 3.35 3.32 3.95 3-25 2 . 8 6 3 . 6 1 3.78
P1499 1 . 82 2. 24 2.37 2.09 1.91 2.03 1 . 9 8
P1500 2.39 2. 60 3.69 2.35 2.34 2 . 80 2.73
P1501 2.51 2.68 2. 64 2 . 64 3 . 10 2.52 2 . 9 6
P1502 2.52 2.60 2.87 2 . 7 2 2 . 0 8 2.53 2 .42
P1503 2.39 3.09 3.53 3.51 3 . 2 2 3-45 3.47
P1504 1.79 1.99 2 . 0 8 1.48 1 . 6 7 2. 16 1.87
P1505 2.94 3. 19 3*80 3.80 3 . 0 5 3.05 3.60
P1507 3 . 0 8 3*82 3 . 6 1 3.92 2 . 9 6 3.64 3.59
P1508 2. 36 2.99 2.65 2.59 2 . 6 4 2.91 2.89
P1509 2. 16 2 . 7 8 2 . 9 1 2.67 2. 18 2 . 84 3.05
P1510 2. 96 3.22 3.93 3.35 3.72 4.00 4.02
P1511 2.23 2.93 3-20 2.83 2. 69 2.99 3.28
P1512 1.54 2.33 2.07 2. 19 2.05 1.97 2.03
A . 5 - 3
T a b l e  A . 5 • c
"Normal Subjects" Multi-breath VdS
Visit Number
Subj ect
1 2 3 4 5 6 7
P1496 1 7 8 166 169 173 247 190 195
P1497 168 115 148 153 192 157 154
P1498 195 174 202 188 2 3 2 173 180
P1499 1 1 6 126 137 114 165 118 141
P1500 153 145 103 138 188 137 149
P1501 168 119 143 142 201 138 158
P1502 214 1 7 0 190 196 245 187 194
P1503 21 2 179 182 202 244 189 190
P1504 152 137 125 140 2 1 6 156 149
PI 505 22 5 21 0 209 202 283 206 199
P1507 206 190 184 192 266 185 194
P1508 155 152 144 143 183 151 134
P1509 203 I84 180 159 262 201 189
P1510 202 2 0 7 177 142 171 142 164
P15U 2 21 214 217 195 203 217 202
P1512 142 157 159 150 150 148 148
A.5-4
Table A . 5 • d
"Normal Subjects" Multi-breath VdA
Visit Number
Subj ect
1 2 3 4 5 6 7
P1496 502 144 73 2 7 6 244 327 167
P1497 189 190 135 190 133 148 161
P1498 225 263 2 5 8 283 1 7 8 254 246
P1499 103 67 79 105 140 90 123
P1500 120 103 1 7 0 122 108 121 1 25
P1501 193 1 67 129 216 160 142 245
P1502 233 185 164 182 155 174 146
P1503 299 2 75 174 196 167 141 134
P1504 143 144 102 105 80 88 83
P1505 305 220 257 240 2 1 4 167 204
P1507 260 204 212 238 198 223 197
P1508 155 100 95 124 106 11 4 102
P1509 182 173 150 185 134 190 156
P1510 280 178 266 243 198 279 222
P 1 5 U 388 26l 336 435 228 238 195
P1512 213 139 102 107 109 103 95
A. 5 - 5
Table  A . 5 » e
"Normal S u b j e c t s "  AME
1
(mb) 
2
V i s i t
3
Number
4 5 6 7
Subj e c t  
P1496 6 7 . 1 7 7 .  1 8 8 . 4 7 3 . 1 7 0 . 8 6 5 . 0 85 .
P1497 4 1 . 6 4 5 . 7 4 2 . 0 4 2 . 3 3 6 . 3 4 5 - 5 4 2 .
P1498 59 .  1 6 1 . 6 5 9 - 0 5 6 .9 5 7 . 2 6 3 . 5 6 6 .
P1499 74*7 82 . 9 8 2 . 8 7 6 . 6 6 8 . 1 8 1 . 0 7 6 .
P1500 6 6 . 2 7 2 . 6 6 2 . 5 6 2 .7 6 9 .3 7 2 . 1 6 8 .
P1501 7 2 . 8 77 .5 7 6 . 4 7 1 .7 8 2 . 0 7 6 . 9 6 7 .
P1502 4 6 . 9 5 3 .0 6 0 . 7 5 6 .4 5 2 . 4 5 3 . 6 6 0 .
P1503 6 2 . 0 6 0 . 0 7 0 . 7 6 4 . 5 6 4 . 2 6 7 . 4 7 2 .
P1504 6 0 . 0 6 3 .3 6 7 . 5 6 0 . 4 7 0 . 5 7 2 . 1 6 7 .
P1505 5 7 . 2 5 5 .7 6 4 . 3 5 8 . 4 6 1 . 7 5 9 . 9 6 7 .
P1506 4 8 . 0 6 1 . 7 5 9 .1 5 9 .1 5 5 . 7 5 5 . 2 6 0 .
P1508 6 1 . 1 73*9 6 5 . 6 6 3 . 0 6 9 . 4 6 7 .O 7 1 .
P1509 6 1 . 7 6 9 .9 7 3 .  1 5 9 .4 6 7 . 2 5 7 . 8 69 .
P1510 5 0 . 5 7 7 . 9 5 7 . 3 4 8 . 8 6 1 . 1 4 7 . 0 53 .
P1511 6 1 . 9 6 9 . 4 6 8 . 8 6 4 .O 6 5 . 4 6 3 . 9 7 0 .
P1512 6 1 . 4 6 7 . 6 6 5 . 4 6 7 . 4 67 • 6 6 3 . 7 7 0 .
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A.5-6
Table A. 5»f
"Normal Subjects" Single Breath Ve
Visit Number
Subj e c t
1 2 3 4 5 6 7
P1496 2047 879 919 1 246 1 0 3 0 1329 1405
P1497 594 48 1 3 8 0 479 4 1 0 359 415
P1498 715 1262 999 812 658 989 1 1 4 1
P1499 510 57 8 6 7 6 582 609 636 7 1 8
P1500 523 478 445 432 42 4 5 7  6 515
P1501 915 900 733 87 1 942 919 1007
P1502 609 689 566 555 589 533 573
P1503 588 1006 874 780 829 686 650
P1504 537 573 503 425 557 470 42 6
P1505 866 934 960 828 810 705 7 8 2
P1507 554 1002 8 8 5 783 662 724 913
PI 50 8 551 725 570 440 732 543 523
P1509 7 1 8 1015 728 861 733 615 732
P1510 81 6 1193 798 623 620 862 716
F 1 5 H 1271 1041 1 2 2 6 11 4 6 863 865 856
P1512 661 541 497 441 550 380 426
A . 5 - 7
T a b le  A . 5 » g  
"Normal S u b j e c t s "
1
S i n g l e
2
Breath  VdS 
V i s i t
3
Number
4 5 6 7
Subj e c t  
P1496 193 164 160 175 2 37 191 192
P1497 1 7 8 107 137 148 199 141 151
P1498 184 179 206 173 214 182 158
P1499 U 4 128 124 105 148 100 1 3 8
P1500 151 133 120 125 169 1 3 7 144
P1501 192 119 152 147 162 1 3 5 159
P1502 208 177 190 194 254 186 199
P1503 215 162 179 190 22 7 187 180
P1504 155 134 117 138 208 139 148
P1505 2 1 2 21 0 2 1 2 190 250 213 193
P1507 204 209 174 181 247 186 200
P1508 158 164 160 135 179 155 139
P1509 220 187 180 169 284 194 198
P1510 200 2 1 0 174 135 183 165 165
P 1 5 H 224 207 201 181 195 208 195
P1512 138 141 167 137 152 137 141
Table A.5*h
HNormal Subj e c t s " S i n g l e Breath VdA 
V i s i t
( s e r  ) 
Number
1 2 3 4 5 6 7
Subj e c t
P1496 190 30 38 126 47 61 78
P1497 84 72 45 82 12 37 50
P1498 71 151 94 102 46 123 107
P1499 32 15 22 36 49 14 34
P1500 40 32 17 34 23 25 24
P1501 92 24 36 81 0 26 84
P1502 70 37 46 49 32 35 33
P1503 54 146 58 82 57 30 31
P1504 46 90 28 35 18 17 12
11505 136 90 119 110 74 55 67
P1507 74 100 84 96 48 73 83
P1508 54 43 20 35 43 31 21
P1509 64 56 27 44 27 22 6
P1510 142 123 84 96 54 117 90
P1511 154 58 42 1 1 1 70 34 63
P1512 71 23 10 27 27 8 2
A.5-9
Table A.5*i
"Normal Subjects" AME (sb)
Visit Number
S u b je c t
1 2 3 4 5 6 7
P1496 8 9 . 8 9 5 . 8 9 5 . 0 8 8 .2 9 4 . 1 9 4 . 6 93 .
P1497 7 9 . 9 8 0 . 8 8 1 . 3 7 5 . 2 9 4 . 2 8 3 . 0 8 1 .
1498 8 6 . 6 8 6 . 1 8 8 . 2 8 4 . 1 8 9 . 8 8 4 .7 89 .
P1499 9 1 . 9 9 6 . 7 4 9 6 . 0 9 2 . 5 8 9 . 3 9 7 . 3 94 .
P1500 8 9 . 1 9 0 . 7 9 4 . 6 8 8 . 9 9 0 . 8 9 4 -3 93 .
P1501 8 7 . 2 9 7 . 0 9 3 . 9 8 8 . 8 1 0 0 . 0 9 6 . 7 90 .
P1502 8 2 . 5 9 2 . 8 8 7 . 7 8 6 . 5 9 0 . 4 9 0 . 0 91 .
P1503 8 5 . 4
rx•
0
0 9 1 . 7 8 6 . 1 9 0 . 5 9 4 . 0 93 .
P1504 8 7 . 9 7 9 . 6 9 2 . 6 8 7 . 9 9 4 . 7 9 4 . 9 95 .
P1505 7 9 . 1 8 7 . 6 8 4 . 1 8 2 . 8 8 6 . 8 8 8 . 9 8 8 .
P1507 7 8 . 9 8 7 . 4 8 8 . 2 8 4 . 0 8 8 . 5 8 6 . 5 8 8 .
PI 508 8 6 . 3 9 2 . 4 9 5 . 2 8 8 . 5 9 2 . 3 9 2 . 0 9 4 .
P1509 8 7 . 1 9 3 . 2 9 5 . 1 9 3 . 6 9 4 .  1 9 4 . 7 9 8 .
PI 5 1 0 7 7 . 0 8 7 . 5 8 6 . 6 8 0 . 3 8 7 . 6 8 3 . 2 83 .
P 1 5 H 8 5 . 3 9 3 . 0 9 5 . 9 8 8 . 5 8 9 . 4 9 4 .8 90 .
P1512 8 6 . 3 9 4 . 3 9 6 . 8 9 1 . 0 9 3 . 2 9 6 . 8 99 .
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T able  A . 5 » j  
"Normal S u b j e c t s "
1
VdA ( p l l )  
2
V i s i t
3
Number
4 5 6 7
Subj e c t  
P1496 312 U 4 35 150 197 2 6 7 89
P1497 105 118 90 108 121 121 1 1 1
P1498 154 11 2 164 181 132 131 139
P1499 71 52 57 69 91 76 89
P1500 80 71 153 89 84 96 101
P1501 101 143 93 135 160 116 161
P1502 163 148 1 1 8 133 123 139 113
P1503 2 4 5 129 1 1 6 114 n o 1 1 1 103
P1504 97 54 74 70 62 71 71
P1505 169 130 1 3 8 130 140 1 1 2 137
P1507 186 104 128 142 150 150 11 4
P1508 101 57 75 90 63 83 81
P1509 119 117 123 141 107 168 150
P1510 138 55 182 148 144 162 132
P 1 5 H 234 203 294 324 159 to 0 132
P1512 142 116 93 80 82 95 93
A.5-U
V i s i t  Number
Table A.5«k
Chronic Airway Disease Patients Multi-breath Vt
Subj e c t s
1 2 3 4 5
P 253 434 531 52 2 511 480
P2210 478 466 447 426 431
P2270 6 1 3 576 647 553 551
P2296 411 456 4 1 0 448 4 0 1
P2440 589 80 7 580 732 6 3 1
P 388 7 2 2 7 2 0 8 1 7 81 5 725
P 602 674 610 691 563 624
P 748 1215 105 6 1094 1048 990
P1014 U 9 3 1 1 2 0 769 636 609
P1709 61 0 540 600 557 618
P2075 809 806 771 804 914
P2078 567 606 599 5 U 562
P2267 640 635 709 703 690
P2455 897 870 828 756 879
V i s i t  Number
Table A.5*1
Chronic Airway Disease Patients Multi-breath VI
Subj e c t
1 2 3 4 5
P 253 1 .5 6 1 . 8 1 2 . 0 6 2 . 3 4 2 .  29
P2210 2 . 4 5 3 . 2 3 2 . 7 2 2 . 4 9 4 . 0 8
P2270 3 .4 2 3 . 6 5 3 - 7 5 3 . 5 7 3 .3
P2296 1 . 9 5 3 . 9 5 2 . 4 1 2 . 4 2 1 . 84
P2440 2 . 7 4 2 . 9 6 2 . 9 4 3 . 3 5 2 . 5 7
P 388 3 . 0 6 5 . 3 0 5 . 10 4 . 9 0 4 . 7 7
P 602 4 . 6 7 4 . 7 8 5 . 2 4 4 . 3 5 5 . 0 2
P 748 4 . 5 4 3 . 9 9 4 . 0 6 3 .4 1 3 . 6 6
P1014 5 .1 1 4 . 2 0 4 . 0 1 4 . 1 0 3 .7 7
P1709 2 . 6 2 2 . 4 2 2 . 5 2 2 . 2  7 3 .0 3
P2075 2 . 0 2 2 . 4 6 3 . 0 3 2 . 8 3 2 . 8 3
P2 0 7 8 3 . 1 5 3 .  19 3 . 54 4 .O 8 3*47
P2267 2 . 0 9 3 * 0 8 3*64 3 . 2 1 3 . 2 6
P2455 3 . 5 3 4 . 0 2 2 . 9 4 3 . 8 2 3 . 8 1
A . 5 - 1 3
Visit Number
Table A.5»m
Chronic Airway Disease Patients Multi-breath VdS
Subj e c t
1 2 3 4 5
P 253 1 7 8 198 196 192 186
P2210 180 164 1 7 1 175 1 8 3
F2 2 7 0 168 163 168 152 153
P2296 159 124 151 165 168
P2440 136 201 152 126 162
P 388 228 2 3 8 259 240 233
P 602 206 195 2 1 6 188 200
P 748 298 2 7 6 298 301 285
P1014 254 275 2 1 5 199 2 3 0
P1709 126 121 1 3 3 130 142
P2075 219 239 22 4 234 249
P2078 198 21 2 192 150 195
P2267 241 254 26 5 247 225
P2455 201 233 202 199 2 1 2
V i s i t  Number
Table A.5*n
Chronic Airway Disease Patients Multi-breath VdA
S u b je c t
1 2 3 4 5
P 253 180 228 226 247 217
P2210 2 1 7 2 1 0 206 190 167
P2270 2 7 2 280 293 233 2 37
P2296 186 255 200 2 1 0 179
P2440 286 383 287 400 295
P 388 2 8 5 303 355 371 3 1 8
P 602 275 245 280 231 259
P 748 473 431 445 438 4 1 0
P1014 590 584 384 291 268
P1709 368 321 372 305 351
P2075 362 365 341 355 456
P2078 2 3 8 251 241 23 8 23 2
P22 67 2 7 8 27 8 340 341 344
P2455 438 404 289 338 403
A . 5 - 1 5
V i s i t  Number
Table A.5•o
Chronic Airway Disease Patients AME (mb)
Subj ect
1 2 3 4 5
P 253 2 9 . 5 3 1 . 4 3 0 . 6 2 2 . 4 26
P2210 2 7 . 1 3 0 . 4 2 5 . 1 2 4 . 4 32
P2270 3 9 . 0 3 2 . 2 3 8 . 8 4 1 . 8 40
P2296 2 6 . 1 2 3 . 4 2 3 - 0 2 5 . 8 23
P2440 3 6 . 9 3 6 . 8 3 2 . 8 3 3 .9 37
P 388 4 2 . 4 3 7 .1 3 6 . 5 3 5 . 4 35
P 602 4 1 . 2 4 0 . 9 4 0 . 9 3 8 . 4 38
F 748 4 8 . 4 4 4 . 7 4 4 . 0 4 1 . 3 41
P1014 3 7 . 1 3 0 .9 3 0 . 5 3 3 .3 29
P1709 2 4 .O 2 3 . 5 2 0 . 4 2 8 . 6 26
P2075 3 8 .7 3 5 .7 3 7 . 6 3 7 -7 31
P2078 3 5 - 5 3 6 . 3 4 0 . 8 3 3 -8 36
P2267 3 0 . 3 2 7 . 0 2 3 . 5 2 5 .1 26
P2455 3 7 .1 3 6 . 5 5 3 . 7 3 9 . 2 40
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A.5-16
V i s i t  Number
Table A.5*P
Chronic Airway Disease Patients Single Breath Ve
Subj e c t
1 2 3 4 5
P 253 5 1 6 553 588 496 469
P2210 500 397 407 394 445
P2270 606 567 709 600 593
P2296 441 438 460 4 6 1 340
P2440 7 8 0 7 6 2 642 855 595
P 388 609 631 833 862 885
P 602 718 661 707 643 573
P 748 1559 1434 1373 1 226 1200
P1014 1365 1217 759 736 589
P1709 592 513 579 527 590
P2075 797 1093 851 959 1025
P2 0 7 8 585 589 471 389 675
P2 2 6 7 620 615 694 687 653
P2455 87 2 785 864 516 695
A . 5- 17
Visit Number
Table A.5«q
Chronic Airway Disease Patients Multi-breath VdS
Subj e c t
1 2 3 4 5
P 253 190 202 194 1 8 7 186
P2210 180 150 171 169 190
P2270 163 156 166 148 152
P2296 185 193 155 173 160
P2440 153 183 151 230 160
P 388 233 228 317 287 260
P 602 224 228 2 1 6 206 196
P 748 353 309 284 290 274
P1014 2 6 7 307 2 3 0 2 1 1 226
P1709 122 121 1 3 1 130 158
P2078 219 2 2 1 1 7 2 134 192
P2267 242 254 2 7 0 255 2 3 0
P2455 198 221 193 169 196
A . 5- 18
Table  A . 5 . r
Chronic Airway D i s e a s e  P a t i e n t s  S i n g l e  Breath VdA ( s e r )
V i s i t  Number
S u b je c t
l 2 3 4 5
P 253 124 149 153 133 123
P2210 139 96 115 84 103
P2270 134 151 1 7 6 143 158
P2296 119 1 1 6 186 108 70
P2440 240 243 192 297 196
P 388 159 139 223 240 2 3 8
P 602 177 175 176 157 131
P 748 432 369 370 3 1 6 314
P1014 400 352 1 8 5 179 108
P1709 203 163 174 17 8 2 1 0
P2075 193 318 179 190 262
P2078 144 171 1 1 2 113 156
P2267 152 169 192 149 196
P2455 275 269 254 150 217
A . 5- 19
V i s i t  Number
Table A.5«s
Chronic Airway Disease Patients AME (sb)
Subject
1 2 3 4 5
P 253 6 2 . 1 5 7 . 4 6 1 . 3 5 7 . 0 56 .
P2210 5 6 . 6 6 1 . 1 5 1 . 3 6 2 . 8 59 .
P2270 6 9 . 8 6 3 . 3 6 7 . 6 6 8 . 3 6 4 .
P2296 5 3 . 6 5 2 . 8 3 8 . 9 6 2 . 6 6 1 .
P2440 6 1 . 7 58 .  1 6 1 . 0 5 2 . 5 54 .
P 388 5 7 . 6 6 5 . 4 5 6 . 8 5 8 .3 6 2 .
P 602 6 4 . l 5 9 . 6 6 4 . 1 6 4 .O 65.
P 748 6 4 . 2 6 7 . 2 6 6 . 0 6 6 . 2 6 6 .
P1014 6 3 . 6 6 1 . 3 6 5 . 1 6 6 . 0 70 .
P1709 5 6 . 9 5 8 . 5 6 1 . 1 5 5 .2 51 .
P2075 6 5 . 4 5 9 -3 7 1 . 9 7 3 . 8 6 6 .
P2078 6 0 . 6 5 3 . 6 6 2 . 6 5 5 . 8 67 .
P2267 5 9 . 8 5 3 . 2 5 4 . 7 6 5 . 5 53 .
P2455 5 9 .2 5 2 .3 6 2 . 2 5 7 . 0 56 .
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A. 5 - 20
Table  A . 5•t
Chronic Airway D i s e a s e  P a t i e n t s  VdA ( p l l )
V i s i t  Number
Subj e c t
1 2 3 4 5
P 253 57 79 74 115 94
P2210 79 114 92 106 64
P2270 138 129 1 1 7 90 78
P2296 68 139 13 103 109
P2440 46 140 96 103 100
P 388 125 164 132 132 81
P 602 98 70 105 74 129
P 748 42 63 76 123 96
P1014 191 2 3 2 199 U 3 160
P1709 165 158 197 127 141
P2075 169 46 162 165 193
P2078 94 80 129 126 76
P2267 126 109 148 192 148
P2455 163 136 36 189 186
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A.8-1
PROGRAM MODEL2;
(* 2 compartment model of NWash allowing different
Vt1,Vt2,VdAl,VdA2,VdS1,VdS 2,FRC1 and FRC2 *
Last Update 23/07/87*)
values of
VAR
n,Newn :Integer;
Vt1,Vt 2,VdS1,VdS2,ViA1,ViA2,VdA1,VdA2,FRC1,FRC 2,T,IrN, 
VN1,VN2,VNS,NperL,TRN,ARN,Fbe,Tlow,ET,NewET,Thigh,IT,
Tmed,MT,NewIT,VEff,VentDS,AMEmb ,VdAser,VdApara :Real;
ErN :array [0..1] of Real;
NConl sarray [0..l] of Real;
NCon2 :array [0..1] of Real;
BEGIN
Write('Enter value of Vtl:
ReadLn(Vt1);
Write('Enter value of Vt 2 :
ReadLn(Vt2);
Write('Enter value of VdSl:
ReadLn(VdSl)
Write('Enter value of VdS 2 :
ReadLn(VdS2)
Write('Enter value of VdAl:
ReadLn(VdAl)
Write('Enter value of VdA2 :
ReadLn(VdA2)
Write(1 Enter value of FRC 1:
ReadLn(FRC1)
Write('Enter value of FRC 2 :
ReadLn(FRC2)
WriteLn(Lst, TWO COMPARTMENT MODEL OF NITROGEN WASHOUT');
WriteLn(Lst)
WriteLn(Lst,
'Using Vtl*1 ,(Vtl):4:0,'
'ViA1=',(Vtl-VdSl):3 s 0,'
WriteLn(Lst,
» Vt2=',(Vt2):4:0,'
'ViA2=',(Vt2-VdS2):3:0,'
WriteLn(Lst);
WriteLn(Lst,
' n ' : 2 , ' ViAl' :7 , 'NConl' :7, 'VN1' , ' ViA2 ' :7 , ' NCon2 ' : 7 , ' VN2 ' :7,
V d S 1 = '  
FRC1='
VdS 2 =' 
FRC2 ='
(VdSl):3:0,' 
(FRC1):4:0);
(VdS2 ): 3 :0 , ' 
(FRC2):4:0);
VdAl=',(VdAl):3:0,
VdA2 = ',(VdA2):3:0,
'VNS ' :7 j' T ' :7,'NperL' :7,'ErN' :7,'IrN' : 
T:=0;n:=0;NConl[0]:=80;NCon2[0]:=80;
IrN:=8 0 0;ErN[0 ]:=8 0 0;
ViAl:»Vtl-VdSl;
V i A 2 : = Vt 2 - V d S 2 ;
REPEAT
IrN: =IrN*(FRC1+FRC2)/(FRC1+FRC2 +Vt1+Vt2); 
NConl [ 1 ] : =NCon 1 [ 0 ]--FRC 1 / (FRC 1 +ViA1 -VdA 1); 
NCon2[l]:=NCon2[0]*FRC2/(FRC2+Vt2-VdS2-VdA2);
7);
A. 8-2
VN1 :=NConl[1]/lOO*(ViAl-VdAl);
VN2 : =NCon2 [ 1 ]/100*- (ViA2-VdA2 ) ;
VNS:=VN1+VN2;
NperL:=VNS/(FRC1+FRC2)*1000;
ErN[l]:=ErN[0]-NperL;
T : =T+( ( V t 1 + V t 2 ) / (FRC1+FRC2) ) ;  
n :=n+1 ; 
if n = l 
then
ARN:=(VNS);
WriteLn(Lst,
n:2,ViAl:7:0,NConl[l]:7:2,VN1:7:1,ViA2:7:0,NCon2[1]:7:2, 
VN2 : 7 : 1, VNS : 7: 1, T : 7 s 2, NperL .*7:2, ErN[ 1]:8 :2,IrN:7:2 );
if ErN[ 1 ] i, 80
then
begin
Tlow:=T;
ET:=ErN[l]; 
end; 
if IrNi 80 
then 
begin
Tmed:=T;
MT:=IrN;
Newn:=n 
end;
if n-l=Newn
then
begin
Thigh:=T;
IT:=IrN; 
end;
ErN[0]:=ErN[l];
NConl[0]:=NConl[1];
NCon2[0]:=NCon2[1];
until
ErN[1]9 8O ;
WriteLn(Lst);
WriteLn(Lst);
TRN:=(ViAl+ViA2)/(FRCl+FRC2+ViAl+ViA2)*0„8* (FRC1+FRC2); 
Fbe:=ARN/TRN*100;
WriteLn(Lst,
’First breath Actual and Theoretical Recovery of N2 is 1 , 
(ARN):6:2,1,1,(TRN):7:2);
WriteLn(Lst);
NewET:=Tlow+(Ln(ET)-Ln(80))*(T-Tlow)/(Ln(ET)-Ln(ErN[l])); 
NewIT:=Tmed+(Ln(MT)-Ln( 8 0 ) (Thigh-Tmed)/(Ln(MT)-Ln(XT));
VEff:=NewIT/NewET*1 0 0;
VentDS:=(Vt1+Vt2)*(100-VEff)/100;
AMEmb:=100-(((VentBS-VdSl-VdS2)/(Vtl+Vt2-VdSl-VdS2))*100);
VdAser:=(ViAl+ViA2)*(100-Fbe)/l00;
VdApara: =- (VentDS-VdS l-VdS2 )-VdAser;
A . 8 - 3
WriteLn(Lst, 
WriteLn(Lst, 
WriteLn(Lst, 
WriteLn(Lst , 
WriteLn(Lst, 
WriteLn(Lst, 
WriteLn(Lst) 
WriteLn(Lst, 
WriteLn(Lst, 
WriteLn(Lst, 
WriteLn(Lst, 
END.
Total Tidal Volume 
Vent Dead Space 
Vent Efficiency 
FRC
Ideal T/0 to 90$ 
Exp T/0 to 90$
AME mb 
AMEsb 
VdAseries 
VdAparallel
',(Vtl+Vt2):5:0);
',(VentDS):5:0);
1i (VEff):4:2);
' ,(FRC1+FRC2 ): 5 2 0 )5 
',(NewIT):2:2);
•,(NewET):3:2);
',(AMEmb):3:2)j 
’j (Fbe):3 2 2)j 
1,(VdAser):4 :1 );
1,(VdApara):4:1)j
A . 8 - 4
Table A.8.a
AME(sb) using Parallel model with Common Dead Space 
0 - 1 5 0 ml
0 ml 30 ml 60 ml
I .R. AME (s b ) I .R. AME(s b ) I .  R . AME ( s b )
3 29 99 • 19 3 29 99*22 3 29 99*25
3 34 99* 16 3 34 99*19 3 33 99*22
3 39 9 9*14 3 39 99*17 3 38 99*20
3 45 99*11 3 44 99*15 3 43 99*18
3 50 99*09 3 49 99* 12 3 48 99* 16
3 56 99*06 3 55 99* 10 3 54 99*14
3 62 99*03 3 60 99*07 3 59 99*11
3 68 99*01 3 66 99*05 3 64 99*09
3 74 9 8 . 9 8 3 72 99*02 3 70 99*07
3 80 9 8 . 9 5 3 77 99*00 3 75 99*04
3 86 9 8 . 9 2 3 83 9 8 . 9 7 3 81 99*02
3 93 9 8 . 9 0 3 89 9 8 . 9 5 3 86 9 8 . 9 9
3 99 9 8 . 8 7 3 95 98 .  92 3 92 9 8 . 9 7
4 06 9 8 .  84 4 02 9 8 . 8 9 3 98 9 8 . 9 4
4 12 9 8 . 8 1 4 08 9 8 . 8 7 4 04 9 8 . 9 2
4 19 9 8 . 7 8 4 14 9 8 . 84 4 10 9 8 .  89
4 26 9 8 . 7 5 4 21 9 8 . 8 1 4 16 9 8 . 8 7
4 33 9 8 . 7 2 4 27 9 8 . 7 8 4 22 9 8 . 8 4
4 40 9 8 . 69 4 34 9 8 . 7 6 4 29 9 8 . 8 2
4 47 9 8 . 6 6 4 41 9 8 . 7 3 4 35 9 8 . 7 9
4 55 9 8 . 6 3 4 48 9 8 . 7 0 4 42 9 8 . 7 6
4 63 9 8 . 6 0 4 55 9 8 . 6 7 4 49 9 8 . 7 4
4 70 9 8 . 5 6 4 62 9 8 . 6 4 4 55 9 8 . 7 1
4 78 9 8 . 5 3 4 70 9 8 . 6 1 4 62 9 8 . 6 8
4 86 9 8 . 5 0 4 77 9 8 . 5 8 4 69 9 8 . 6 6
4 95 9 8 . 4 7 4 85 9 8 . 5 5 4 77 9 8 . 6 3
5 03 9 8 . 4 3 4 93 9 8 . 5 2 4 84 9 8 . 6 0
5 11 9 8 . 4 0 5 01 9 8 . 4 9 4 91 9 8 . 5 7
5 20 9 8 . 3 7 5 09 9 8 . 4 6 4 99 9 8 . 5 4
5 29 9 8 . 3 3 5 17 9 8 . 4 3 5 07 9 8 . 5 1
5 38 9 8 . 3 0 5 26 9 8 . 4 0 5 15 9 8 . 4 8
5 48 9 8 . 2 7 5 34 9 8 . 3 6 5 23 9 8 . 4 6
5 57 9 8 . 2 3 5 43 9 8 . 3 3 5 31 9 8 . 4 3
5 67 9 8 . 2 0 5 52 9 8 . 3 0 5 39 9 8 . 4 0
5 77 9 8 . 1 6 5 61 9 8 . 2 7 5 48 9 8 . 3 7
5 87 9 8 . 1 3 5 71 9 8 . 2 4 5 56 9 8 . 3 4
5 97 98.  09 5 80 9 8 . 2 0 5 65 9 8 . 3 1
6 08 9 8 . 0 5 5 90 9 8 . 1 7 5 74 9 8 . 2 8
6 19 9 8 . 02 6 00 9 3 . 1 4 5 83 9 8 . 2 4
6 30 97*98 6 10 9 8 , 1 0 5 93 9 8 . 2 1
A . 8 - 5
Table A.8.a
5b) u s i n g  P a r a l l e l  
0 -  150 ml
model wi th  Common Dead Space
0 ml 30 ml 60 ml
I . R. AME ( sb ) I . R . AME ( sb ) I . R . AME ( s b )
3 29 99 .19 3 .29 99.22 3 .29 9 9.25
3 34 99.16 3 .34 99 .19 3 .33 99 .22
3 39 9 9.14 3.39 99 .17 3 .38 99.20
3 45 9 9 . U 3 .4 4 99 .1 5 3.43 99.  18
3 50 99.09 3.49 99 .12 3 .48 99 .16
3 56 99.06 3 .55 9 9 . 1 0 3.54 99 .14
3 62 99.03 3 . 6 0 99.07 3.59 99.11
3 68 99. 01 3.66 99 .0 5 3 .64 99 .09
3 74 98.98 3.72 99.02 3 .70 99.07
3 80 98 .9 5 3.77 99 .00 3 . 75 9 9.04
3 86 9 8 . 9 2 3.83 98 .97 3.81 99.02
3 93 9 8 . 90 3.89 9 8 . 95 3 .86 98 .99
3 99 9 8 , 87 3.95 98 .92 3.92 98 .97
4 06 9 8 . 84 4.02 98.  89 3.98 98 .9 4
4 12 98.81 4 .0 8 98 .87 4 . 04 98.92
4 19 9 8 . 7 8 4.  14 98 .8 4 4 . 1 0 98. 89
4 26 98 .7 5 4 . 21 98 .81 4 . 16 98.87
4 33 9 8 . 7 2 4 . 27 9 8 . 7 8 4 .22 98.  84
4 40 9 8 . 69 4 . 3 4 98 .7 6 4 .29 9 8 . 82
4 47 98.66 4 . 41 98 .73 4 . 3 5 98 .79
4 55 98.63 4 . 4 8 98 .70 4.42 98 .76
4 63 98.60 4 . 5 5 98 .67 4 .49 98 .74
4 70 98.56 4 . 6 2 9 8 . 64 4 . 5 5 98 .71
4 78 98.53 4-70 98.61 4 .62 9 8 . 6 8
4 86 98.50 4 .77 9 8.58 4 .69 98 .66
4 95 98.47 4 . 8 5 9 8 . 55 4.77 9 8.63
5 03 98.43 4 .93 98 .52 4 . 8 4 98.60
5 11 9 8 . 4 0 5.01 98 .49 4.91 98.57
5 20 98.37 5.09 9 8 . 4 6 4.99 98 .54
5 29 98.33 5.17 98 .43 5 .07 98 .51
5 38 98. 30 5.26 9 8 . 4 0 5 .15 9 8 . 4 8
5 48 98.27 5.34 9 8 . 3 6 5.23 9 8 . 4 6
5 57 98.23 5.43 98 .33 5.31 98.43
5 67 98.20 5.52 98 .30 5.39 98 .40
5 77 9 8 . 1 6 5 . 6 1 98.27 5.48 98.37
5 87 98 .13 5.71 9 8 . 2 4 5.56 98 .3 4
5 97 98.09 5*80 98 .20 5 .65 98.31
6 08 98 .05 5.90 98 .17 5.74 98 .28
6 19 98.02 6. 00 9 8 . 14 5.83 98 .2 4
6 30 97.98 6. 10 9 8 . 1 0 5.93 98.21
A. 8-6
Table A.8.a cont1d
6 . 4 2 97 94 6 .
6 . 5 3 97 91 6.
6 . 6  5 97 87 6 .
6.77 97 83 6 .
6.90 97 79 6.
7 .03 97 75 6.
7 .1 6 97 72 6.
7 .30 97 68 7.
7 .44 97 64 7.
7*58 97 60 7.
7*73 97 56 7.
7.  88 97 52 7.
8 .03 97 48 7.
8 . 1 9 97 44 7.
8 .36 97 40 7.
8.52 97 36 8.
8 .70 97 31 8.
8 .88 97 27 8.
9 .06 97 23 8.
9 .25 97 19 8.
9*45 97 15 8.
9*65 97 10 9.
9 .86 97 06 9.
10.07 97 02 9.
10.30 96 97 9.
10.53 96 93 9.
10.76 96 89 10 .
1 1 . 0 1 96 84 10.
11.27 96 80 10.
11.53 96 75 10.
11. 80 96 71 10.
12. 09 96 66 11.
12.38 96 62 11.
12. 69 96 57 11.
1 3 . 0 1 96 53 11.
13.34 96 48 12.
13.69 96 44 12 .
14.05 96 39 12.
14.43 96 34 13.
1 4 . 82 96 29 13.
98 07 6.02 98 18
98 03 6.12 98 15
98 00 6.22 98 12
97 96 6. 32 98 09
97 93 6.43 98 05
97 89 6.54 98 02
97 86 6 . 6 4 97 99
97 82 6.76 97 96
97 79 6 . 8 7 97 92
97 75 6.99 97 89
97 71 7.11 97 86
97 68 7.23 97 82
97 64 7.35 97 79
97 60 7.48 97 75
97 57 7 . 6 1 97 72
97 53 7 .7 5 97 68
97 49 7.89 97 65
97 45 8 . 0 3 97 61
97 41 8.17 97 58
97 37 8. 32 97 54
97 34 8.47 97 51
97 30 8 . 6 3 97 47
97 26 8.79 97 43
97 22 8 . 9 6 97 40
97 18 9.13 97 36
97 14 9.30 97 32
97 10 9.48 97 29
97 06 9.67 97 25
97 02 9 . 8 6 97 21
96 97 10.05 97 17
96 93 10.26 97 14
96 89 1 0 . 4 6 97 10
96 85 10. 68 97 06
96 81 10.90 97 02
96 77 11.13 96 98
96 72 11.37 96 94
96 68 11.61 96 90
96 64 11. 86 96 86
96 60 12.12 96 82
96 55 12.39 96 79
21
31
42
53
65
76
88
01
13
26
39
53
67
81
95
10
26
42
58
75
92
10
28
46
66
86
06
27
49
72
95
19
44
70
97
25
53
83
14
47
A . 8 - 7
Table A.8.a cont’d
1 5 -.23 96.25 1 3 . 8 0 96.51 12.67 96.
15-, 66 9 6 . 2 0 14.15 96.47 1 2 . 96 96.
1 6 ,. 12 96.15 14.51 9 6 . 4 2 1 3 . 2 6 96.
1 6 ,.59 9 6 . 1 0 1 4 . 8 9 96.38 1 3 . 5 8 96.
17-,09 96 .06 15.29 96.33 1 3 . 9 0 96.
17-,61 9 6 . 0 1 15.70 96.29 1 4 . 2 4 9 6 .
1 8 ,,16 95.96 16.13 96 .24 1 4 . 5 9 96.
18,.74 95.91 1 6 . 5 8 96.20 1 4 . 9 5 96.
19.■35 95-86 17.05 96 .15 1 5 . 3 3 9 6 .
20..00 95.81 17 .55 96.11 1 5 . 7 3 96.
20 ..68 95 .76 18.07 96 .06 16.14 96.
21,' 41 95.71 18.62 96.02 16.57 96.
22,.18 95.66 19.20 95.97 17.03 9 6 .
23. , 00 95.61 1 9 . 80 95 .92 17.50 96.
23..88 95-56 20 .44 95.88 17.99 9 6 .
24. ,81 95.51 21.  12 95.83 18.51 96.
25., 82 95.46 21 .8 4 95.78 19.06 96.
26.. 89 95.41 2 2.60 95 .74 19.63 9 6 .
28,.05 95.36 2 3.41 95.69 20 .23 95.
29..31 95.31 24 .27 95 .64 20 .87 95.
AME(sb) as percentage
I.R. = Inhomogeneity Ratio of Ventilation
75
71
66
6 2
58
54
50
46
42
38
33
29
25
2 1
1 6
1 2
0 8
04
99
95
A.
Table A.8.a cont1d
90 ml 
I . R . AME( sb )
3 29 99 27
3 33 99 25
3 38 99 23
3 43 99 21
3 48 99 19
3 53 99 17
3 58 99 15
3 63 99 13
3 68 99 11
3 73 99 08
3 78 99 06
3 84 99 04
3 89 99 02
3 95 98 99
4 00 98 97
4 06 98 95
4 12 98 92
4 18 98 90
4 24 98 87
4 30 98 85
4 36 98 83
4 43 98 80
4 49 98 78
4 56 98 75
4 62 98 72
4 69 98 70
4 76 98 67
4 83 98 65
4 90 98 62
4 97 98 59
5 05 98 57
5 12 98 54
5 20 98 51
5 28 98 48
5 35 98 46
5 44 98 43
5 52 98 40
5 60 98 37
5 69 98 34
5 77 98 31
120 ml
I . R . AME ( s b )
3 29 99. 30
3 33 99. 28
3 38 99. 26
3 42 99. 24
3 47 99. 22
3 52 99. 20
3 56 99. 18
3 61 99. 16
3 66 99. 14
3 71 99. 12
3 76 99. 10
3 81 99. 08
3 87 99. 06
3 92 99. 04
3 97 99. 02
4 03 98. 99
4 08 98. 97
4 14 98. 95
4 20 98. 93
4 25 98. 90
4 31 98. 88
4 37 98. 86
4 43 98. 84
4 49 98. 81
4 56 98. 79
4 62 9 8 . 76
4 69 98. 74
4 75 9 8 . 72
4 82 9 8 . 69
4 89 9 8 . 67
4 96 98. 64
5 03 98. 62
5 10 98. 59
5 17 98. 57
5 25 98. 54
5 32 98. 51
5 40 98. 49
5 48 98. 46
5 56 98. 44
5 64 9 8 . 41
150 ml
3 29 99 32
3 33 99 31
3 37 99 29
3 42 99 27
3 46 99 25
3 51 99 23
3 55 99 22
3 60 99 20
3 65 99 18
3 69 99 16
3 74 99 14
3 79 99 12
3 84 99 10
3 89 99 08
3 94 99 06
3 99 99 04
4 05 99 02
4 10 99 00
4 16 98 98
4 21 98 96
4 27 98 93
4 32 98 91
4 38 98 89
4 44 98 87
4 50 98 85
4 56 98 83
4 62 98 80
4 68 98 78
4 75 98 76
4 81 98 73
4 88 98 71
4 94 98 69
5 01 98 66
5 08 98 64
5 15 98 62
5 22 98 59
5 29 98 57
5 36 98 54
5 44 98 52
5 51 98 49
A . 8 - 9
Table A.8.a cont1d
5.86 98 29 5 .
5 .95 98 26 5 .
6 . 05 98 23 5 .
6 . 1 4 98 20 5 .
6 . 2 4 98 17 6.
6.33 98 14 6 .
6.43 98 11 6.
6 .54 98 08 6 .
6 . 64 98 05 6 .
6 .75 98 02 6 .
6.86 97 98 6.
6.97 97 95 6 .
7 .0 8 97 92 6.
7 .20 97 89 6 .
7.32 97 86 7.
7 .4 4 97 83 7.
7-56 97 79 7-
7 .69 97 76 7.
7 .82 97 73 7.
7 .9 6 97 70 7.
8. 09 97 66 7.
8 .23 97 63 7.
8 . 3 8 97 60 8.
8 .53 97 56 8.
8 .68 97 53 8.
8 . 8 3 97 49 8.
8.99 97 46 8.
9 .16 97 42 8.
9 .32 97 39 8.
9 .50 97 36 9-
9 .6 7 97 32 9.
9 . 86 97 29 9.
10.04 97 25 9.
10.24 97 21 9.
10.44 97 18 9-
1 0 . 64 97 14 10.
10.85 97 11 10.
1 1 . 07 97 07 10.
11.29 97 03 10.
11.53 97 00 10.
98 38 5.59 98 47
98 35 5.67 98 44
98 33 5.75 98 42
98 30 5.83 98 39
98 27 5.91 98 37
98 24 6.00 98 34
98 22 6 . 0 8 98 32
98 19 6 . 1 7 98 29
98 16 6 . 2 6 98 26
98 13 6 .3 5 98 24
98 10 6 .45 98 21
98 07 6.54 98 18
98 04 6 . 6 4 98 16
98 01 6.73 98 13
97 99 6.83 98 10
97 96 6 .94 98 07
97 93 7 . 0 4 98 05
97 90 7 .1 5 98 02
97 87 7 .2 6 97 99
97 83 7*37 97 96
97 80 7 . 48 97 93
97 77 7 .60 97 91
97 74 7.71 97 88
97 71 7.84 97 85
97 68 7.96 97 82
97 65 8 . 0 9 97 79
97 62 8.21 97 76
97 58 8 .3 5 97 73
97 55 8 . 4 8 97 70
97 52 8. 62 97 67
97 49 8 . 7 6 97 64
97 46 8 . 9 1 97 61
97 42 9 . 0 6 97 58
97 39 9.21 97 55
97 36 9.36 97 52
97 32 9.52 97 49
97 29 9.69 97 46
97 26 9.86 97 43
97 22 10.03 97 40
97 19 10.21 97 36
72
80
89
98
07
16
25
34
44
54
64
74
85
95
06
17
29
40
52
64
77
89
02
1 6
29
43
57
72
87
03
1 8
35
51
6 8
8 6
04
2 2
41
61
81
Table  A . 8 . a c o n t 1d
11.77 96 .96 11.02
12.01 96.92 11.23
12.27 96 .89 11.45
12.53 96 .85 11. 68
12.80 96.81 11.91
13.09 96.77 12.15
13.38 96 .73 12.40
1 3 . 6 8 96.70 12.66
13.99 9 6 .66 12.92
14.32 9 6 . 62 13.20
1 4 . 66 96 .58 13.48
1 5 . 0 1 96.54 13.78
15.38 96 .50 1 4 . 0 8
15.76 9 6 . 4 6 14.40
16.15 96.42 14.72
16.57 9 6 . 3 8 15.06
1 7 . 0 0 96.34 15.42
17.45 96.30 15.78
17.92 96 .2 6 16.17
18.42 96.22 16.56
A.8-10
15 10.39 97.33
12 10.58 97 .30
09 10.77 97.27
05 10.97 9 7.24
02 11.17 97.20
98 11.38 97.17
95 1 1 . 6 0 97.14
91 11.82 97.11
88 12.05 97.07
84 12.28 9 7.04
80 12.53 97.01
77 1 2 . 7 8 96.98
73 13.04 96 .94
70 13.30 96.91
66 13.58 9 6 . 8 7
62 13.87 96. 84
59 1 4 . 1 6 96.81
55 14.47 96.77
51 14.79 96.74
48 15.11 9 6 . 7 0
97
97
97
97
97
96
96
96
96
96
96
96
96
96
96
96
96
96
96
96
AME(sb) as percentage
I.R. = Inhomogeneity Ratio of Ventilation
A.8-11
Table A.8.b
AME(mb) u s i n g  P a r a l l e l  model  wi th  Common Dead Space 
0 -  150 ml
0 ml
I .R. AME (mb)
3 29 77 .77
3 34 77.21
3 39 76 .6 5
3 45 76 .0 8
3 50 75-51
3 56 74*94
3 62 74 .36
3 68 73 .79
3 74 73 .2 1
3 80 72.63
3 86 7 2 .0 5
3 93 71 .4 6
3 99 70 .88
4 06 70 .2 9
4 12 69.70
4 19 6 9 . 1 1
4 26 68.51
4 33 67.92
4 40 67.33
4 47 66.73
4 55 6 6 . 1 3
4 63 65.53
4 70 64.93
4 78 64.33
4 86 63 .73
4 95 63.13
5 03 6 2 . 5 2
5 11 6 1 . 9 2
5 20 61.31
5 29 6 0 . 7 0
5 38 60.09
5 48 59.49
5 57 58.88
5 67 58.27
5 77 57.66
5 87 57.04
5 97 56.43
6 08 55.82
6 19 55-20
6 30 54.59
30 ml
I .R. AME (mb)
3 29 78 .95
3 34 78.43
3 39 77.90
3 44 77.38
3 49 76 .8 5
3 55 76.32
3 60 75.79
3 66 7 5 . 25
3 72 74.71
3 77 74.17
3 83 73.63
3 89 73.08
3 95 72.54
4 02 7 1.99
4 08 71.44
4 14 7 0 . 8 8
4 21 70.33
4 27 69.77
4 34 69.21
4 41 68.65
4 48 68.09
4 55 67.53
4 62 6 6 . 96
4 70 6 6 . 4 0
4 77 6 5 . 8 3
4 85 65.26
4 93 6 4 . 6 9
5 01 6 4 . 12
5 09 63.54
5 17 62.97
5 26 62.39
5 34 61. 82
5 43 61.24
5 52 6 0 .66
5 61 60 . 08
5 71 59.50
5 80 58.92
5 90 ■ 58.33
6 00 57.75
6 10 57.16
60 ml
I .R. AME (mb)
3 29 80.04
3 33 79-56
3 38 79.07
3 43 78.58
3 48 78.09
3 54 77.60
3 59 77.10
3 64 76.60
3 70 7 6 . 1 0
3 75 75*60
3 81 75.09
3 86 7 4.58
3 92 74.07
3 98 7 3.56
4 04 73 .04
4 10 72.53
4 16 7 2 . 0 1
4 22 71.49
4 29 70.96
4 35 70 .4 4
4 42 69.91
4 49 69.38
4 55 68.85
4 62 6 8 . 3 2
4 69 67.78
4 77 6 7.25
4 84 66.71
4 91 66. 17
4 99 65.63
5 07 6 5 . 08
5 15 64.54
5 23 63.99
5 31 63.45
5 39 62.90
5 48 62.35
5 56 61.80
5 65 6 1 . 2 4
5 74 6 0 . 6 9
5 83 6 0 . 1 3
5 93 59.58
Table A.S.b corrt’d
6.42 53 97 6 . 2 1
6.53 53 36 6.31
6 . 6 5 52 74 6 . 4 2
6.77 52 12 6.53
6 . 9 0 51 51 6.65
7 .03 50 89 6 . 7 6
7 .16 50 27 6.88
7 .30 49 65 7.01
7 .44 49 03 7 .1 3
7 .58 48 41 7 .2 6
7 .73 47 78 7.39
7 .88 47 16 7 .5 3
8 . 0 3 46 54 7 .67
8.19 45 91 7 . 8 1
8 . 3 6 45 29 7 .95
8. 52 44 67 8.10
8 . 7 0 44 04 8.26
8.88 43 41 8 . 4 2
9 . 0 6 42 79 8 . 5 8
9.25 42 16 8 . 75
9.45 41 53 8.92
9 .65 40 90 9 . 1 0
9. 86 40 27 9 . 2 8
1 0 . 0 7 39 64 9 . 4 6
1 0 . 3 0 39 01 9 . 6 6
10.53 38 38 9 . 8 6
10.76 37 75 10.06
1 1 . 0 1 37 12 10.27
11.27 36 48 10.49
11.53 35 85 10.72
11. 80 35 22 10.95
12.09 34 58 11.19
1 2 . 3 8 33 95 11.44
1 2 . 69 33 31 11.70
1 3 . 0 1 32 67 11.97
13.34 32 04 12.25
13.69 31 40 12.53
14.05 30 76 12.83
14.43 30 12 13.14
1 4 . 82 29 48 13.47
A.8-12
.57 6.02 59.02
.99 6.12 5 8 . 4 6
. 4 0 6.22 57.90
.81 6 . 3 2 57.33
.22 6.43 56.77
. 62 6 .54 56.21
.03 6 . 64 55.64
.44 6 . 7 6 55.07
. 8 4 6.87 54.50
.25 6.99 53.93
. 65 7 .11 53.36
.05 7 .2 3 52.79
.45 7 .3 5 52.21
.85 7 .48 51 .64
.25 7 .61 51.06
.65 7 . 7 5 50.49
.05 7.89 49.91
• 45 8 . 0 3 49.33
. 84 8 .17 48 .75
. 2 4 8 . 3 2 4 8 . 1 6
. 6 3 8.47 47 .58
.02 8 . 6 3 47.00
• 41 8.79 4 6 . 4 1
.81 8 . 96 45.82
.20 9.13 45 .24
.58 9 .30 4 4 . 65
.97 9.48 4 4.06
.36 9.67 43 .46
• 75 9.86 42.  87
.13 10.05 42 .2 8
.52 10,26 4 1 . 6 8
.90 1 0 . 4 6 41.09
. 28 10. 68 40.49
.67 10.90 39.89
.05 11.13 39.29
.43 11.37 38.69
. 8 1 1 1 . 6 1 38.09
. 18 11. 86 37.48
.56 12.12 3 6 . 8 8
.94 12.39 36.27
56
55
55
54
54
53
53
52
51
51
50
50
49
48
48
47
47
46
45
45
44
44
43
42
42
41
40
40
39
39
38
37
37
36
36
35
34
34
33
32
A.8-13
Table A.8.b cont1d
15..23 2 8 . 8 4 1 3 . 8 0 32.31 1 2 . 6 7 35.
15., 66 2 8 . 2 0 14.15 31 .69 1 2 . 9 6 35.
1 6 ,. 12 27.56 14.51 3 1 . 0 6 1 3 . 2 6 34.
1 6 ,.59 26.91 14.89 30.43 1 3 . 5 8 33.
17..09 26.27 15.29 2 9 . 8 1 1 3 . 9 0 33.
17..61 25.63 15.70 2 9 . 18 1 4 . 2 4 32.
18..16 24.98 16.13 28 .55 1 4 . 5 9 32.
18.>74 2 4.34 16.58 27 .92 1 4 . 9 5 31.
19.• 35 2 3 . 6 9 17.05 2 7 . 2 8 1 5 . 3 3 30.
20, .00 2 3.05 17.55 26 .6 5 1 5 . 7 3 30.
20,.68 22 . 40 18.07 2 6 . 0 2 1 6 . 1 4 29.
21,• 41 21 .7 5 18.62 25.38 1 6 . 5 7 28.
22..18 21.  10 19.20 24 .7 5 1 7 . 0 3 2 8 .
23-,00 20 .45 19.80 24.  11 1 7 . 5 0 27.
23.,88 19.80 2 0.44 23.47 1 7 . 9 9 27.
24..81 19.15 21.  12 22.  83 1 8 . 5 1 26.
25.,82 18.50 21 .84 22.20 1 9 . 0 6 25.
26. ,89 17.85 22 .60 2 1.55 1 9 . 6 3 25.
28.• 05 1 7 . 2 0 23.41 20.91 2 0 . 2 3 24.
29.,31 16.54 24 .27 20 .27 20.  87 23.
AME(mb) as percentage
I.R. = Inhomogeneity Ratio of Ventilation
67
0 6
45
84
23
6 1
0 0
38
77
15
53
91
29
67
05
42
8 0
17
54
91
A.8-14
Table A.8.b cont'd
90 ml 120 ml 150 ml
I . R . AME (mb) I .R. AME (mb) I . R . AME (mb)
3 .29 81 .06 3 29 82.00 3 29 8 2 . 8 8
3.33 8 0 . 6 1 3 33 81.58 3 33 82.49
3 .38 80.  16 3 38 81.16 3 37 82.10
3.43 79.70 3 42 80.74 3 42 81.71
3 .48 79 .24 3 47 80.31 3 46 81.31
3.53 78.79 3 52 79.89 3 51 80.913 .5 8 78.32 3 56 79.46 3 55 80.51
3.63 77.  86 3 61 79.02 3 60 80.10
3.68 77.39 3 66 78.59 3 65 79.70
3.73 76.92 3 71 78 .1 5 3 69 79.29
3 .78 76 .45 0v> 76 77.71 3 74 78.87
3.84 75 .97 0 81 77.26 3 79 78 .46
3 .89 75.50 00 87 76.82 3 84 78 .0 4
3-95 75 .02 3 92 76.37 3 89 77 .62
4 .0 0 74.53 3 97 75.92 3 94 77.20
4 .0 6 7 4.05 4 03 75.46 3 99 76.78
4.  12 73 .56 4 08 75.01 4 05 76 .35
4.  18 73.08 4 14 74 .5 5 4 10 75.92
4 .2 4 72 .58 4 20 74.09 4 16 75.494 .30 72 .09 4 25 73 .63 4 21 75 .0 6
4 .3 6 71 .60 4 31 73.16 4 27 74.62
4-43 7 1 . 1 0 4 37 7 2 . 7 0 4 32 74.18
4.49 70 . 60 4 43 72.23 4 38 73 .74
4.56 7 0 . 1 0 4 49 71 .7 6 4 44 73 .3 04.  62 69 . 60 4 56 71.  29 4 50 7 2 . 8 6
4 .6 9 69.09 4 62 70.81 4 56 7 2.41
4 . 7 6 68.59 4 69 70.33 4 62 71.96
4.83 68.08 4 75 6 9 . 8 6 4 68 71.514 .90 67.57 4 82 69.37 4 75 71 .0 6
4-97 6 7 . 0 6 4 89 6 8 . 8 9 4 81 7 0.60
5 .05 66.54 4 96 68 . 4 1 4 88 70 .1 55. 12 66.03 5 03 6 7 . 9 2 4 94 69 • 69
5.20 65.51 5 10 67.43 5 01 69.235.28 64.99 5 17 66,  94 5 08 6 8 . 7 6
5.35 64.47 5 25 66.45 5 15 68.30
5.44 63 .95 5 32 65.96 5 22 6 7 . 8 3
5.52 6 3 . 4 2 5 40 6 5 . 4 6 5 29 67.36
5 . 6 0 6 2 . 9 0 5 48 6 4 .96 5 36 6 6 . 89
5.69 62.37 5 56 6 4 . 4 6 5 44 6 6 . 4 2
5.77 6 1 . 8 4 5 64 6 3 . 96 5 51 65 .94
A.8-15
Table A.8 .b c o n t 1d
5 .86 61 .31 5.
5-95 60 .78 5.
6 .0 5 60.  24 5.
6 .14 59.71 5.
6 . 2 4 59.17 6 .
6.33 58.63 6.
6 .43 58.09 6 .
6.54 57 .55 6 .
6 . 6 4 57.01 6.
6 .75 56.47 6.
6 .86 55.92 6.
6 .97 55-37 6.
7 .08 54.83 6 .
7 . 20 54.28 6 .
7.32 53.72 7.
7 .4 4 53.17 7.
7 .56 52 .62 7.
7 .69 52.06 7.
7 .82 51.50 7.
7 .96 50 .94 7.
8 .09 50 .38 7.
8. 23 49.  82 7.
8 . 3 8 4 9.26 8.
8 .53 4 8 . 7 0 8.
8 .68 4 8 . 13 8.
8 . 8 3 47 .5 6 8.
8 .99 4 6 .99 8.
9 .16 4 6 . 4 2 8.
9 .32 4 5 . 8 5 8.
9 .50 45 .28 9.
9 .67 44 .7 1 9.
9 . 86 44 .1 3 9.
10.04 4 3 .5 5 9.
1 0 . 24 4 2 . 9 8 9.
10.44 4 2 . 4 0 9.
1 0 . 64 41.82 10.
IO. 8 5 4 1.23 10.
11,07 4 0 . 6 5 10.
11 . 29 40.06 10.
11.53 39.48 10.
6 3 . 4 6 5.59 65.47
62 .95 5.67 64.99
62.45 5 .75 64.51
6 1.94 5.83 6 4 . 0 3
61.43 5.91 63.54
60.92 6.00 6 3 . 0 6
60.40 6 . 0 8 62.57
59.89 6 .17 62.08
59 .37 6 .26 61.59
5 8 . 85 6 .35 61 .10
58.33 6 .45 60.60
57.81 6.54 60.11
57.29 6 . 6 4 59.61
56.76 6.73 59.11
56 .24 6 . 8 3 58.60
55.71 6 .94 5 8 . 10
55.18 7 .0 4 5 7 . 6 0
54.65 7 . 1 5 5 7 . 0 9
54.11 7 .26 5 6 . 5 8
53.58 7 .37 5 6 . 0 7
53.04 7 .48 5 5 . 5 6
52.50 7 .60 5 5 . 0 4
51.96 7.71 5 4 . 5 3
51.42 7 .84 5 4 . 0 1
50.88 7 .96 5 3 . 4 9
50.34 8.09 5 2 . 9 7
49.79 8.21 5 2 . 4 4
4 9 . 2 4 8 .35 5 1 . 9 2
4 8 . 6 9 8 . 4 8 5 1 . 3 9
4 8 . 1 4 8.62 5 0 . 8 6
47.59 8 . 7 6 5 0 . 3 3
4 7.04 8 . 9 1 4 9 . 8 0
4 6 . 4 8 9 .0 6 4 9 . 2 7
45.93 9.21 4 8 . 7 3
45.37 9 .36 4 8 . 2 0
4 4.81 9.52 4 7 . 6 6
44 .2 5 9.69 4 7 . 12
43.68 9 .86 46 .58
4 3.12 10.03 46 .03
42 .5 5 10.21 45 .49
72
80
89
98
07
1 6
25
34
44
54
64
74
85
95
0 6
17
29
40
52
64
77
89
0 2
16
29
43
57
72
87
03
18
35
51
68
86
04
22
41
61
81
A.8-16
Table A.8.b cont’d
11..77 3 8 . 8 9 11.02 41 .9 8 10.39 44.
12,,01 3 8 . 3 0 11.23 41 .41 1 0 . 5 8 44.
12,.27 3 7 . 7 1 11.45 4 0 . 8 4 10.77 43.
12 ..53 3 7 . 1 2 11. 68 40 .27 10.97 43.
12 ,,80 3 6 . 5 3 11.91 39.70 11.17 42.
13*,09 3 5 . 9 3 12.15 39.12 11. 38 42.
13.• 38 3 5 . 3 3 1 2 . 4 0 38.54 1 1 . 6 0 41.
13.,68 3 4 . 7 4 12.66 37 .96 11.82 41.
13-.99 3 4 . 1 4 12.92 37.38 12.05 40.
14..32 3 3 . 5 4 1 3 . 2 0 36.80 12.28 39.
14.,66 3 2 . 9 4 13.48 36.22 12.53 39.
15.,01 3 2 . 3 3 13.78 35.63 12.78 38.
15--38 3 1 . 7 3 14.08 35 .05 13.04 38.
15..76 31.  12 14.40 34.46 13.30 37.
16,.15 30.52 14.72 33.87 13.58 37.
16,.57 29.91 15.06 33.28 13.87 36.
17.,00 2 9.30 15.42 3 2 . 6 8 14.16 35.
17..45 28.  69 15.78 32.09 14.47 35.
17-.92 28.07 16.17 31.49 14.79 34.
18,,42 2 7.46 16 .56 30.90 15.11 34.
AME(mb) as percentage
I.R. = Inhomogeneity Ratio of Ventilation
94
39
84
29
74
18
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50
94
38
81
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Table A.8.c
Model predictions of distribution differences only
Run V t l Vt 2 FRC 1 FRC 2 VdAl VdA2 A ME mb AMEsb
a) 350 350 1000 1000 0 0 102.0 100.0
b) 350 350 2000 2000 0 0 101.1 100.0
c ) 350 350 3000 3000 0 0 100.8 100 .0
d) 300 400 1000 1000 0 0 9 9 . 2 99 .5e ) 300 400 2000 2000 0 0 9 8 . 1 99.7
f ) 300 400 3000 3000 0 0 9 7 . 7 99.8
g) 200 500 1000 1000 0 0 7 4 . 9 9 5 . 5h) 200 500 2000 2000 0 0 7 2 . 7 97.2
i ) 200 500 3000 3000 0 0 7 1 . 8 97.9
3 ) 100 600 1000 1000 0 0 27.  1 87.2
k) 100 600 2000 2000 0 0 2 5 . 6 9 2 . 0
1) 100 600 3000 3000 0 0 2 5 . 0 94 .2
m) 350 350 1500 2500 0 0 94*6 99.3
n) 3 50 3 50 1000 3000 0 0 7 8 . 4 9 6 . 5o ) 300 400 1500 2500 0 0 100.3 99.9
p) 300 400 1000 3000 0 0 8 9 . 5 9 8 . 4
q) 200 500 1500 2500 0 0 9 2 . 9 99.2r ) 200 500 1000 3000 0 0 101.  1 100.0
s) 100 600 1500 2500 0 0 4 1 . 3 9 5 . 7
t ) 100 600 1000 3000 0 0 7 3 . 8 9 8 . 2
u) 300 400 2500 1500 0 0 8 3 . 9 98.0
v) 300 400 3000 1000 0 0 66.1 93.9w) 200 500 2500 1500 0 0 52 .9 9 3 . 5
x) 200 500 3000 1000 0 0 4 0 . 3 8 6 . 9
y) 100 600 2500 1500 0 0 1 8 . 0 8 6.5
z) 100 600 3000 1000 0 0 13.7 7 7 . 4
A.8 - 1 8
Model p r e d i c t i o n s  when eq ua l  v a l u e s  o f  a l v e o l a r  dead sp a ce  are  in  
b o t h  compartments
Table A .8.d
Run V tl Vt 2 FRC 1 FRC 2 VdAl VdA21 AME mb AMEsb
a ) 3 50 3 50 1000 1000 50 50 86.8 86.7
b) 350 350 1000 1000 100 100 70.9 7 2 . 2
c ) 350 350 1000 1000 150 150 54.3 5 6 .5
d) 350 350 1000 1000 200 200 37.1 3 9 . 4
e) 350 350 2000 2000 50 50 85.2 85 .2
f ) 350 350 2000 2000 100 100 69.0 69 .7
s) 350 350 2000 2000 150 150 52.3 53 .5h) 350 350 2000 2000 200 200 35.3 3 6 . 5
i) 350 350 3000 3000 50 50 8 4 .6 8 4 . 6
j  ) 350 350 3000 3000 100 100 68.2 68 .8
k) 350 350 3000 3000 150 150 51.6 5 2 .4
1) 350 350 3000 3000 200 200 34.7 3 5 . 5
m) 300 300 1000 1000 50 50 83.4 83 .3
n) 300 300 1000 1000 100 100 63.9 65 .2
o) 300 300 1000 1000 150 150 43 .6 4 5 . 5
P) 300 300 1000 1000 200 200 22.3 2 3 . 8
q) 400 400 1000 1000 50 50 8 9 . 1 8 9 . 0
r ) 400 400 1000 1000 100 100 75.8 77 .1
s ) 400 400 1000 1000 150 150 61.9 64 .3t) 400 400 1000 1000 200 200 47*5 50 .3
u) 500 500 1000 1000 50 50 9 2 . 2 9 2 . 1
v) 500 500 1000 1000 100 100 82.2 8 3 . 5
w) 500 500 1000 1000 150 150 71.9 7 4 . 4
x) 500 500 1000 1000 200 200 6 1 . 2 6 4 . 4
y) 350 350 1500 2500 50 50 79.6 8 4 . 6
z ) 350 350 1500 2500 100 100 6 4 . 4 69 .3
a a ) 350 350 1500 2500 150 150 4 8 . 8 53.3
a b ) 3 50 3 50 1500 2500 200 200 32.9 3 6 . 4
a c ) 350 3 50 1000 3000 50 50 65.9 82.  6
ad) 350 350 1000 3000 100 100 53* 1 67 .9
a e ) 350 350 1000 3000 150 150 40 . 2 5 2 . 4af) 350 350 1000 3000 200 200 27.0 3 6.0
ag) 300 400 1000 1000 50 50 83.2 86 .1
ah) 300 400 1000 1000 100 100 66.2 7 1 .6
a i ) 300 400 1000 1000 150 150 47.7 55 .8
a j  ) 300 400 1000 1000 200 200 2 6 . 4 3 8 . 6
ak) 200 500 1000 1000 50 50 52.5 8 1 . 6
a l ) 200 500 1000 1000 100 100 2 7 . l 66.  5
am) 150 550 1000 1000 50 50 2 7 . 1 7 7 . 6
an) 200 500 3000 1000 50 50 27.1 7 3 . 3
A.8-19
Model p r e d i c t i o n s  when unequal  v a l u e s  o f  a l v e o l a r  dead space  
are  i n s e r t e d  i n t o  t h e  two compartments
Table A.8.e
Run Vt 1 Vt 2 FRC 1 FRC 2 VdAl VdA21 AME mb AMEsb
a) 350 350 1000 1000 0 50 93-7 93-3
b) 350 350 1000 1000 0 100 83.2 86.1
c ) 3 50 350 1000 1000 0 150 6 9.6 7 8 .3
d) 350 350 1000 1000 0 200 51.3 69 .7
e) 350 350 1000 1000 0 250 27.1 60.3
f ) 350 350 2000 2000 0 50 9 2 . 4 92 .6
g) 350 350 3000 3000 0 50 91.9 92 .3
h) 300 300 1000 1000 0 50 9 1 . 6 91.7
i ) 400 400 1000 1000 0 50 95.0 9 4 . 5
3 ) 500 500 1000 1000 0 50 96.7 96.0
k) 300 400 1000 1000 0 50 93-7 9 3.3
1) 300 400 1000 1000 50 0 87. 2 92 .3
m) 300 400 1000 1000 0 200 66.2 7 1 . 6
n) 200 500 1000 1000 0 50 73*7 90 .2
o) 200 500 1000 1000 50 0 52.7 86.9
p) 150 550 1000 1000 0 50 52.7 86.9
q) 150 550 1000 1000 50 0 27.1 82 .5
r ) 3 50 350 1500 2500 0 50 8 2 . 2 9 1 . 5
s ) 3 50 350 1500 2500 50 0 90 .7 92 .4
t ) 350 3 50 1000 3000 0 50 66.1 88 .5
u) 350 3 50 1000 3000 50 0 78.0 90.  6
v) 350 3 50 1000 3000 0 200 2 7 . 1 62 .8
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